
AO—A031 fl2 ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMEIT——(TC F/s 13/S
THE THEORY. SIGNIFICANCE AND PREVENTION OF CORROSION IN AIRCRAF—— ETC (U)
SEP 76

UNCLASSIFIED AGARO—LS SM .‘IL

0~.

~~ r
!!EULI~ iJ1~~L.t~ I

__ __  ‘.41uv.rwflhIJ



I

O ‘
_ d i

A S  
~~~~~

~4
to ~~

________ ~i.;.

L I
II~ 8

HIi~
25 J~J~J I. 4 ~~

MICROCOPY RESOLU TION 1~ST CH~~T
P~A 1 ~~~~ RUPI A U Of Stf U f L ~~ %3.~

L



r~- 
~

-_-

~~~~~
— ~~~~~~~~~~~ — ~~

—
~~

—-. 
~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~ 

_____

AGARD-LS-84

— •uuI

~~~ I
1~~ a i

A 1
£~~ ~~~

‘ ‘ S  • 5 • a ’~~ ‘ a • a ’ II  I
I

I I  • £

COPY AYAI1AB~E TO DUC tII3ES NOT
PERMIT FULLY LEGIBLE PROIliICTIO~

‘1

AGARD LECTURE SERIES No.84.1 on

The Theor y,
Significance and Pr evention of

Corrosion in Aircraft D D ~
_ _ _ _ _  n

Ap~.ov~d for pub& ~~~~~~~ U NOV 5 1976
D~itrIb~~~s~ Uu&~a&~ d

U

3 a 1 ’ a a I

+

DISTRIBUTION AN D AVA ILA BILITY
ON BACK COV ER

1 ;

— . .—.- .
— —... .-~. —.— —— .~~. — -_~~ .— q~ ~~~~~~~ — — —.•.,—

~
,————.—

~
. 

.:
— 1~~~

’
~~~~~~~~~~ J

___
~ —_;.

~~
__

~~4•~
__ i:~

_ 
~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~ ~~~~~~~~~~~ — —



NORT I I ATLANTIC TREATY ORGAN!ZATION

ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT

(ORGAN 1SATION DU TRAITE DE L’ATLANTIQUE NORD)

I
-

/ AGARD Lecture Series No~~4

~ \ THE THEORY , SIGNIFICANCE AND PREVENTION /
,OF CORROSION IN AIRCRAFT . /

7 ________________ 
— 1~t~~AIITh

~I$TRISU1IGN ~tAItA .1 ILfly

l b . 
.. . . . . .The matenal in this book has been assembled to support a Le..ture Series under th~

sponsorship of the Structures and Materials Panel and the Consultant and Exchange
~~~~~ Programme of AGARD , presented on 6—7 October 1976 at Wright-Patterson Air

Force Base , Dayton , Ohio , USA : I I  - 12 October 1976 in Delft . Netherlands: and
14- 15 October 1976 in Lisbon, Portugal.

p .’

I

—~ 7’411]
- 

~~~~~~~ TE~~



ThE MISSION OF AGARD

The mission of AGARD is to bring together the leading personalities of the NATO nations in the fields of
science and technology relating to aerospace for the following, purposes:

— Exchanging of scientific and technical information;

-— Continuously stimulating advances in the aerospace sciences relevant to strengthening the common defence
posture;

- - Improving the co-operation among member nations in aerospace research and development;

- -  Providing scientific and technical advice and assistance to the North Atlantic Military Committee in the
field of aerospace research and development;

— Rendering scientific and technical assistance , as req uested , to other NATO bodies and to member nations
in connection with research and development problems in the aerospace field;

— Providing assistance to member nations for the purpose of increasing their scientific and technica l potential;

I 
.

- - Recomm en di ng effective ways fo r the mem ber nations to use their research and develop men t capabilities
for the common benefit of the NATO community.

The highest authority withi n AGARD is the National Delegates Board consisting of officially appointed senior
representatives fro m each member nation. The mission of AGARD is carried out through the Panels which are
com posed of experts appointed by th e Na t ional Delega tes, the Consultant and Exchange Program and the Aerospace
Applications Studies Program. The results of AGARD work are reported to the member nations and the NATO
Au thorities t hrough the AGA RD series of publica tions of which this is one .

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations .

A large part of th e cont ent of this publication has been reprod uced
directly from mate r ial supp lied by AGARD or the authors ; the

remainder has been set by Technical Editing and Reproduction Ltd.

- ‘ Published September 1976

‘f~ Copyri ght © AGARD 1976
All Rights Reserved

ISBN 92-835-0175-6
4.,
.

Printed by Technico! Editing and i~~~ru dw timi Ltd
Ilarfor d House , 7 - 9 Charlotte St. Londo n, WI? Il-ID

ii

— 

— -p

~~~~

—.

~~~~~~~~

-- - . 
--

~~~~~ ~~~~



P.

PREFACE

The true an n u al cost of corrosion in NA ID aircraft i.. .ippa ll ingly large , in spite of the
adva nced state of knowledge in this field. Interruption and reduc tion of service , failure of
mlsslo:i . hazards to personnel because of operating failures are additional important factors
when assessing corrosion impact. Yet , most premature corrosion damage and failures occur
for reaso ns already well-known , and to a major degree could be prevented by proper and
t imely appreciation of the problem and threat , and by the use of known preventive
methods . Clear ly ,  greater v isihilit ’ , of the proble m s, expa nded engineering education and

• better practical t ransfe r of technology and knowledge are needed. This Lecture Series was- structured with t~iic si tuat ion in mind. It covers the significance , implications and. 

economics of corrosions . and the threats and preventive measures for the product life
I es Lie: design , material selection. construction , maintenan c e and repair , inspection and

tc~t .
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INTRODU(’TLON A SURVLY 01” TIlE I’ROBLE M

by

N.E ,Prom isel ~~~~ C~~~ It~~ PA~&~ c NOT FILb~ D
Silv er Spring , Maryland 20904 . USA - -

In this brief survey of the problem of corrosion in aircraft, I shall touch only on

certain highlights and the over-all situation and perspective , inasmuch as the individual

* 
papers that follow will dwell in detail on the various aspects of the total system . I

trust that any unavoidable overlap with the speakers will be minimal .

It is unfortunate tha t the very environmental component that makes l i f e  on this

planet possible also is the basis of one of man’s major economic and technical problems .

I refer, of course , to water - in liquid or vapor form - as the prime instigator of that
universal ‘lisease, corrosion. And since water in some form can rarely be excluded -

- 
-. certainly from aircraft - and since our engineering materials are basically thermodyriam-

ically unstable in our practical environment , inevitably there exists the continuing

threat , at all times, of corrosion. Actually , conditions are generally worse; for

example , there could be present chloride ions , dissimilar metals, or other dissimilar

chemical or physical conditions, all of which could aggravate corrosion . The three

approaches open to minimizing this ever-present threat lie in the design of the product

(including the rare opportunity to control the environment), the selection of materials.

and preventive anti-corrosion measures.

Now these points are elementary and obvious and by no means unknown to aircraft

manufacturers and users. Nor have science and technology ignored the development of

better basic understanding of the various phenomena associated with corrosion as well as

practical measures to combat it. Indeed, our knowledge and progress in this field are

both excellent. It is particularly striking, therefore , that in spite of what we know

r . and have learned over the past few decades, and even before , we are still experiencing

aircraft corrosion damage that annually is costing many , many millions of dollars, not

to mention indirect penalties such as aborted missions, decreased aircraft usage factors,
- -

even at times hazards to safety of both aircraft and personnel . What is particularly

regrettable - even ironical - is that much of this loss and cost could be avoided by

more extensive and more intelligent use of the existing knowledge . This is not to say ,
1.~ of course , that there is no need for additional research and development. There

certainly is such a need and hopefully these corrosion seminars will be able to pinpoint

where some of this effort should be applied by defining critical problems and gaps in our

knowledge . It would be well to keep this in mind during the Conference , for discussion

at the end of the program .

Nevertheless , the situation does point up the fact that there does not exist an

adequate transfer of technology , even a common language , among the scientist, the

engineer , the designer, the practitioner and others . We should addrese ourselves to

establishing a better mechanism for this and more effective channels of communication .

~~~~~ . -
~~~~ ~~~~~~~~~ r
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As a minimum , the designer and practiticsner must be impressed with the fact that if l  most

eases something can be done to minimize corrosion if he will only seek out the proper

information. Often , the fault has been in the lack of recognition that a corrosion

threat exists and that there m a y  be a solution to it. A related fault has been poor

definition of the problem , particularly poor understanding of the environmental and

physical conditions that will obtain.

With respect to what corrosion is costing us. this subject will be treated at length

in a later lecture . In terms of cost to cope with and minimize corrosion , I want to

emphasize the importance of looking at a completo life cycle and total system when

assessing cost values. Such a system must include consideration of special design and

construction features, specially selected materials , corrosion-preventive measures

(coatings, insulation , etc.), inspection and detection procedures, maintenance and

repair measures, possible replacement of components or material , and loss of time and

: availability of aircraft. To a degree, cost can be shifted from one of these areas to

another , but all aspects of this system must be considered in order to minimize total

cost , and the optimum answer will depend on the particular situation . There is, however .

I an additional and complicating consideration ; namely , the non-quantifiable requirement
h.. j for reliability , safety, accomplishment of mission (for military aircraft), etc . -

even legal liability which is tending to increase . In some cases, therefore , cost of

trade-offs cannot be evaluated and , in fact, cost may be secondary or even irrelevant ,

although obviously every effort must be made to keep it at a minimum . Only one other

related point I would make at this time ; namely, that in some cases, corrosion , although

undesirable , may not be harmful and therefore the most practical answer may be to allow -

it to proceed , within limits . For example, it may not be worthwhile , except for

esthetics, to attempt to prevent entirely some superficial pitting of heavy castings

in innocuous areas, provided this does not encourage slovenly habits elsewhere .

I suspect that by the end of this Conference it will be evilont that aircraft are

subject to practically every type of corrosion : pitting , intergranular , fatigue , stress-
I - - 

-
~~ corrosion cracking, crevice , bacterial , embrittlement, fretting, etc.* Some of these

have been more prominent and more injurious than others , depending on the application ,

I material and prevailing conditions . For example , pi t t ing of magnesium alloy shee t .
~ 

,~~~~ during the period of its popularity, was very serious and costly , whereas pi tting of

magnesium castings, still in use , was much milder and of much less concern . lntergranu-

- - 
lar corrosion of certain high strength aluminum alloys and stainless steels was at one

time a serious problem, now happily mostly remedied. Stress corrosion cracking has been

and still is a major , ever-present threat, often catastrophic. The research and develop-

ment on this topic continues as a major effort. The excellent scientific work in

- 1
~~~~ The higher temperature phenomena of oxidation and sulphur attack will be dealt

with at most only incidentally because high temperature attack is so important and so
• 

- complex that it deserves a conference of its own and AGARD has dealt with this subject
separately .

1,

.4
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fracture mechanics has been of great value in this regard and is a good illustration of

how close working between the scientist and engineer can be very effective in a practical

way. In a somewhat related sense , hydrogen embrit t lement , hyd rogen-induced cracking and

related insidious delayed failures under relatively low stresses all have long his tor ies

and continuing records of costly damage and worries.  Corrosion per se as well as the

corrosion preventive treatments and pre-treatments , such as electroplated coatings and

prior cleaning procedures , are sometimes the original sources of this problem. Occasion-

ally, indirect sources can be important contributors, illustrating the complexity of the

problem and the need for extreme care . For examp le , the dry lubricant molybdenum

• disuiphide in the presence of water vapor and friction generates hydrogen sulphide which

is known to catalyze hydrogen embrittlement in very high strength steels. Fortunately ,

great strides have been made in understanding these phenomena and avoiding them , although

unanimity of thinking still remains to be achieved.

Another important area is corrosion fatigue since fatigue is one of the major

causes of fa i lure in aircraft  and , in effect , corrosion fatigue may be thought of as

cyclical stress corrosion. This is one of the selected topics to be discussed in a

~ / paper at this Conference . An aggravating factor in both corrosion and fatigue is

fretting , which was the subject of a special AGARD meeting in l97~ . At that meeting ,

the interplay of fretting, corrosion and fatigue were discussed in detail from the point

of view of phenomena , damage modes and remedial measures.

I shall mention only briefly one other common type of corrosion in aircraft.

namely, gaJ.’~aeiic corrosion , the formation of galvanic cells with resulting anodic

corrosion . The ever-present requirement to minimize weight in aircraft and maximize

performance has led to the use of a wide variety of materials , with resultant dissimilar

metal contacts and strong anodic tendencies of the less noble metals such as aluminum .

The Electrode Potential Tables have been of some help but are often misleading because

they do not represent actual operati:~,, coflditions . More practical galvanic couple

tables have been prepared which are quite useful . Insulating and isolating techniques

have been developed to avoid galvanic corrosion , but as in o ther corrosion s i tuat ions,

have no t always been employed and , in some ca ses , have n o t been employed correctly, so

~ 
,
~~ 

that  galvanic corrosion remains a wide-spread,  though basically avoidable , source of

t roub le .  I t  is another example of negli gence in the use of existing knowledge . I t

should be recognized, also , that galvanic cells may be created even within a single

material due to local variation in chemical , physical , metallurgical  and environmental

• condi t ions .

~~ i’ ecugnizzng the above hazards , it is necessarily very important  to be able to in-

•~ spect for and detect incipllnt corrosion so as to permi t promp t remedial measures that

would avert more serious consequences. For cr i t ical  areas that are l ike l y to be

suscept ible  to corrosion , original design must take into accoun t and provide for easy

access for inspect ion.  Thereafter , the problem becomes one of detection t e c h n i q u e s

____________________________________ - -- -~~~~~ •—.—..- ~~~~~ ‘~~~~ 
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that very often must be applied in situ; for example, in a wing . Here again , significant

studies in nondestructive inspection have been made ; for example , in ultrasonic and

radiographic techniques, as will be discussed in a later paper. One of the more recent

developments is a refined acoustic emission process . A good correlation has been found

- between certain corrosion reactions and high frequency , low-amplitude sounds generated

during the corrosion process. This approach has been useful in detecting hidden

corrosion in honeycomb panels, adhesive-bonded joints , and the assessment of corrosion

inhibition against galvanic couples.

The subject of testing to assess susceptibility of materials to corrosion has been

dealt with in a previous AGAR D study and will be further considered in this Conference.

I would merely stress at this time two points. First , although it appears obvious , one

cannot over—emphasize the importance of testing under realistic conditions that relate
- 
.~ as best possible to expected usage and exposure situations . Many failures can be

attributed to the use of materials and protective schemes under operating conditions

which , during testing, were either ignored or could not be anticipated. Secondly , I

would inject a plea for continued emphasis on international standardization , since this
L J is vital to the transmittal of information from one source to another and its true

understanding and evaluation. This does not mean attempting to establish a few arbitrary

r tests often irrelevant to operating conditions as mentioned above; flexibility must

k ~ certainly be maintained here . Nevertheless, there are common tests for similar and

related situations, and in such cases it is important that all details that could affect

results be considered and standardized to the maximum degree .

I shall not dwell o~ specific prevention techniques and maintenance and repair

procedures , the other major topics of the corrosion system to be discussed at this

Conference , but before concluding I do want to comment briefly on a topic not specifically

- 

- 1 listed in our program ; namely, education , although I have touched upon one aspect of

this at the beginning . I use the tern “education” very broadly , starting from the

university stage and proceeding through many phases to the ultimate practitioner. Too

often , in the university, the student is exposed to the subject of corrosion in only an

-; incidental , indirect or peripheral manner rather than in the sense of focussing on a

~

‘ 

~~ major technical field, requiring the integration of many other disciplines. There are

exceptions, of course, but I suspect that, in general , deliberate concentration comes

~ ~ .: rather late in the student’s academic life, if at all. There continues to be a need ,
V
- - therefore , for creating a much larger, broadly trained corps of “corrosionologists”

commensurate with the scope and magnitude of the problem .

-
~~~ I use “education” also in the sense of training the designer , the materials

engineer , the manufacturing engineer arid others who should be in the chain of activi ty

• dedicated to minimizing corrosion damage . This phase of education should never end ,

- 
‘
~~ because improved understanding and techniques become available almost endlessly, albeit -

slowly at t imes , and new experiences and situations arise . Inherent in this latter phase
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in the need for good mec han i sms for techi ology transfer , the translation of knowledge

into practical , understandable language for ready application , and the dissemination of

such information through appropriate channels which may yet need to be created. Some

poten t ia l  ro ut o n are , of cou rse , conferences , individual publications , handbooks and

specificatio rt~~. There are others and therefore this is another top ic on which  the

Conference might well develope recommendations for international action. Though often

ignor ed , especially in technical  meet ings such as th i s , t h i n  top ic of education and

communication could well be the most important of all , since technical  knowledge , no

ma t te r  how significant, is obviously of limited value if not communicated.

In conclusion and recapitulation , I have tried to convey in this brief summary a

feeling of the immensity and scope of the problem , with  some of its highlights , and yet

the many opportunities for keeping it within bounds ; opportunities that , unfortunately,

are too often neglected. I have emphasized the importance of viewing thi s problem as a

system , in terms of the life-cycle of the product from the early design stage through

ultimate usage and maintenance . This Conference has been structured to deal with each

major phase of this life-cycle and the lectures that follow will discuss in detail t h e

top ics I have only hi ghl ighted , as well as others. The system and life-cycle concept

indicates the need for a planning and working team , early in the game , that  would include

experts in design , materials , manufacturing , inspection methods , co sts , quality control

and , of course , corrosion itbeif.

Finally, I would refer to a new facet of this subject that has developed in the

last two or three years , indirectly . I refer to the general problem of shortages in the

supply of certain basic materials , such as chromium. Although specific shortages will

affect various countries differently , together they add up to a world problem. In the

present context , shortages lead to substitution (for example , a coated material in lieu

of stainless steel or paint to replace chromium) either to offset lack of availability

of the original material or to reduce the increased cost resulting from limited avail-

ability . Herein lies an addi tional hazard from a corrosion point of view which definitely -

“ui ,~ nust be considered. On the other han d , intelligent substitution could be an important

contribution to conservation of critically available materials and , in some cases , to
- ‘ the conservation of energy. Decrease in corrosion would itself be a conservation

measure in terms of decreasing the needed replacement material , as well as the energy

to produce it.

a The lectures that follow taken in toto will provide a comprehensive coverage of

aircraft corrosion and its prevention . Inevitably, gaps in our knowledge and activities

will become evident and these should be kept in mind for discussion and possible

recommendations for action . I wish you a productive , educational and enjoyable

Conference . 

- 
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CORROS ION THEORY AND PRACTICE. By W.A.  Schultze ,, Laboratory of Meta l lurgy ,, De i f t  /n ~~’~-rs ~ tC of Technology,
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1 . INTR000CT P ON

Most metals used in eng i neering practice are not stable in an aqueous environment. The metal changes

- from the metallic state into an oxidized state in the form of metal ions or metal (hyd r)oxides; thus

changing the mechanica l strength of a structure in an unfavourable sense. This phenomenon , meta~~ is

corrosion, is the result of chemical reaction S that can occur between a metal and an aqueous solution ,

‘— con tain ing d i f ferent  ions and/or d isso lved  oxygen (electrolyte solution). These chem i ca l  reac t ions

involve charge transfer in the form of metal ions or electrons passing the interphase between metal and

solu tion . They are therefore called electrochemical reactions , or as the solid metall i c  phase is usually

termed an electrode , electrode reactions. In an electrochem i cal corrosion process always two or more

~~• e lec t rode reac t ions are involved , from which a t least one causes the oxidat ion of the metal , according

to reac t ions l i ke  Me + H
2

0 + MeOH ’4’ + H 4’ + 2e , Me • MeZ+ + ze or 2Me + 3H
2

0 Me
203 

+ 6H ’4’ + 6e. The

1 
oxida tion reaction has to be compensated by one or more reduction reactions , such as 2H 4’ + 2e • H2 or

0
2 
+ 2H

2
0 + 4e • 110H .

-‘ To study corrosion phenomena it is important to know what kind of electrode reactions could occur between

I metal and environment. Therefore the thermodynamical concept of the equilibrium electrode potential  i s

introduced . Electrochemical  reactions have a f i n i t e  rate that can vary w i d e l y ,  so i t  is wor thwhi le  to
study the rate of the reactions that are involved in corrosion processes. For that reason the k ine t i ca l
concep t s of polarizat ion and overp oten tial are t r e a t e d .  Af t e r  that the mixed potential  theory of

elec trochemical corrosion of a homogeneous metal can be introduced .
- • 

Comp l ica t ions  a r i se  when a metal consists of d i f ferent  phases or when a combinat ion of d i f fe ren t  r e t a l s

I’ is used. These may also occur when the metal structure is exposed to an inhoi’nogeneous environment or to

r 

stresses. In these cases localized types of attack are poss ib le , such as , pit t ing c~orrosie-~, cr ez ’f ~’e

oorro8 ion , intergr anular corrosion, stress corrosion cracking or corrosion ,‘a tf ~ s c.  Some aspects of these

corrosion forms are dealt with i n  t h is  lecture .

2. CORROSION THEORY

Ii
,i 2.1. The meaning of the concept of the equilibrium potential and its use to predict corrosion reactions

.
~~~~~ Between a metal electrode (Me) at which electrode reactions are proceeding and an electrol y te sol ut ion ,

,, there exis ts a difference in electric potential &tM / l ~ 
Th is  d i f f e rence  in po tent ial canno t be measured .

~,, ‘ :j However , differences i n electric potential between two electrodes in an electrolyte solution are

measurable. Such a system is called an electrocherr*ica l cell and the measured value , the ~eii rct,~•2 t~ s?.

The concept of electrode potential r of the rnetai Me can be introduced as the cell poten tial of an

- 
elec troc hemica l cell , in which one half cell consis ts of the system Me/ sol (l l),and the other half cell of

a s tandard hyd rogen electrode (fi g. 1). The la tter is composed of a p l a t i n i z e d  p l~~t inum e lec t rode in an

acidic solu tion with an effect ive concentration (act i vity) of hy drogen ions a~,+ = I. Hydro qen gas (H 2 )

w i t h  a pressure of 1 atm is bubbled along the Pt electrode. At this electrode the electrode reaction

H2 ~ 2H~ + 2e is in e q u i l i b r i u m  i f  no current passes through the half cell. The c ell ootentia l is b u i l t

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ r~~~~~~~ 
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up by a numbe r of elec tric potential differences. Goin g from the righ t to the left In fi g , 1 we find

• c — + tI
~ M e / l ( i l )  + A$

s I ( I l ) / l (I ) 
— A$pt,s l (I) + 

~~Pt/Cu~ 
‘
~~Cu /Me and t*P t / C u  Indicate

metal- me tal po tential differences. These are relatively unaffected by the various effects tha t change

- ~~Me/sol (lI) ~~sol(II) / sol (l ) 
is a diffusion po tential between two electrol y te so lutions and can be

largely elimina ted. 
~~Pt/sol(I) 

is constant when no current flows in the half cell , so that any variation

In  
~~M /sol(II ) 

gives the same variation In the measured electrode potential c. The require ment for

measuring the electrode potential that no current flows through the measuring circuit , can be closely

approached by using a hi gh impedance vol tm eter.

If a t the metal electrode Me onl y one elec t rode reac t ion , e.g. Me -~ Me z+ 
+ 2e , i s  in  d ynamic equ i l i b r ium ,

the cell potential that is measured represents the e q u i l i b r i u m  electrode potential tMe/Me Z+ of that

reac tion. The e q u i l i b r i u m  potential of the standard hydrogen electrode is used as a 7ero reference point

in a scale of elec trode potentials (S(tandard ) H(ydrogen) E( lectrode) scale). The sign of the electrode

po ten t ia l  is arbi t r a r i l y chosen to be the same as the polarity observed , when the elec t rode in ques t ion

i s  connected to the S.H.E.. Instead of this reference electrode , a saturat ed calome l electrode (S.C .E .)

is of ten used. This electrode consists of mercury, calomel (Hg2
C l

2
) and a solu tion saturated with

po tassium chloride (KC1). The po ’-entia i of this electrode , measured versus the S . H . E .  • is +245mV at 25°C .

The elec t rode po ten t ia l  n depends on the concentration of the reacting species in the electrol yte

solu tion. For the e q u i l i b r i u m  potential this dependence is given by the well known equation of !iernst.
T h is  equa t ion g ives  for me tal io n t ransfer reac t ions , Me : MeZ+ + ze , a t a pure meta l electrode (Me) ,

C M IN Z’4 ’ t Me/M eZ+ + ,9j.9~ log a M z+ ( temperature 25C)

in which c
~~ /M Z+ is a constant and equal to the e q u i l i b r i u m  potent ia l  for a

Me
z+ = 1 . I t i s  c a l l e d  the

) standard equilibrium potential. Similar equations can be g iven for elec t ron t ransfer reac t ions , in which

the reac t ing species are present in the e lectro lyte so lut ion , both in the reduced and the ox id ized s ta te .

Known c° values are arranged i n  the electroche *nica l aeries of standard pote ntial a (see tabel 1). With

t hese values and the concentrat ions , t he equ i l i b r i um  potent ia ls  of electrode react ions can be ca l cu la ted

and used to pred ic t  the behaviour of corrosion systems . Th i s  can be exp la ined w i t h  an example , the

be haviou r of an i ron electrode in an oxygen free , ac id i c  ferrous so lu t ion . In th is  case two d i f f e ren t

elec trode reactions are possib le , ( I )  Fe Fe +2e and ( I I )  H
2 

2H 4’ + 2e , wi th different equi l b rium

potentials. In such a si tuation the electrode reaction with the higher equilibrium potential w i l l  show

a tendency to pr oceed in the direction of a reduction , whereas the other wi l l  do this in the direction

of an oxidation; in this manner the system strives to an energetically favourable state.

2.2. The ra te of corrosion reactions

The rate of a corrosion process depends on the kinetic behaviour of each electrode reaction that occurs

at the corroding electrode. This can be exp lained using the examp le from the former paragraph. In case

of a
11
+ 1 and a

F
2+ = ~ ~H~ /H~ 

0 V and C
F /F 2’4’ — -0 ,411 V~ ~~~ CH / H + > tFe/Fe 2~~ If this experiment

is made , the predicted behaviour can be observed. The i ron electrode dissolves uniforml y and

- - ..,~~~~
, 

hydroge n gas evolves uniformly over the whole metal surface , i .e. reaction (I) proceeds in the direction

Fe • Fe + 2e , and reaction (II) in the direction 2H + 2e • H2 . In both reac t ions charge is t ransferred, -

so using Faraday ’s law , the reaction rate can be expressed as a current density i . The oxida tion reaction

Fe • Fe2+ + 2e , dona t i ng  e lec t rons to the I ron electrode , is  c a l l e d  an anodic reac t ion , and the reaction

~~~~~ rate is given by the anodi c current denaity 
~a 

(by defini tion positive). The reduc tion reaction

2H 4’ + 2e * H2, accep ting electrons from the i ron electrode , is called a cathodic reaction , and the

reaction rate is given by the cathodi c current density i
c 

(by defin i tion negative).

The reac tion rate i of an electrode reaction is finite. I t depends on ~~ , and is therefore aMe/sol
func t ion of the elec t rode po ten t ia l  r of the electrode at which the reaction proceeds. The phenomenon

— that t deviates from the equilibrium potential , if an elec trode reaction proceeds in the anodic oreq
cathodic direction , is def ined as ino-~~ o or cathod ic polar izat ion.  The difference between e,at a certain

i or i ,and Is measured as overvoltage and indicated by n — — . The relation between i and c or
~~~~~~ a c eq eq , -

be tween i and n can be g iv ~ n grap h i ca l l y for a c e r t a i n  elec tr ode reaction in the form of a polarization

curve (see fIg. 2).

In the experime nt the i ron electrode must have the same electrode potential over the entire surface in

the well conducting homogeneous environment. This means tha t at some mlxc .i r~~ ,-n~~~ 7 be twee n the

‘4 ..L
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j equilibrium potentials of reactions I and II , the reaction rates of both reactions are equal , i .e.

~a — ~i , as is schematicall y Indicated n fig. 3. For the overall corrosion reaction a polarIzation

curve can be constructed by adding al gebraically the polarization curves of the separated reactions.

Severa l factors may determine the shape of the polarization curve of a reaction . For corrosion processes

two of these factors are important. The first one is a charge transfer overvoltage , which occurs when

the reaction rate is controlled by charge transfer at the interface metal/solution . In this case

polarization curves are obtained with a shape , as given in fi g. 2. A second possibility is a diffusion

overvo l tage when the reaction rate is controlled by the diffusion rate of the reacting species from the

electrolyte solution to the electrode surface. In an acidic envir c*nment the corrosion process is usuall y

controlled by charge transfer polarization of the reaction 2H+ + 2e • H2. 
In neutral or alkaline

solutIons the corrosion rate is often determined by the rate of the cathodic reaction 02 + 2H
2
0 + 4e • 40W.

At hi gh overvoltages the diffusion rate of 02 to the electrode limits the reaction rate to a limiting

current density I L~ 
independent from e (see fIg . 4). In this case all ehv i ronmental changes that increase

the diffusion rate of 02 will increase the corrosion rate.

- 
- 2.3. Passivity

With a number of important metals and alloys used for structural engineering purposes an anodic oxidation

reaction of the type 2 Me + 3H
2
O * Me2O3 

+ 6H’4’ + 6e can proceed under suitable circumstances. If this

reaction leads to the formation of an oxide film on the meta l surface that acts as a closed barrier

layer , the metal is shielded from its env i ronment. The metal oxide can be relatively stable over a

considerable range of electrode potentials , even in certain aggressive environments. If the slowly

dissolving barrier is constantl y renewed by the formation of new oxide , due to an appropriate cathodic

h... j reaction , the corrosion rate will be low compared to the non—oxidized active state and the meta l is said

to be pa ssive. This behaviour is shown by the polarization curves in fi g. 5. Initiall y the metal goes

activel y into solution accord i ng to Me • Me~~ + ze under the driving force of the simultaneousl y

occurring cathodic reaction. Before a mixed potential at the active electrode is reached , the oxide

forming reaction starts and the electrode is covered with oxide. Now the corrosion rate is given by

I pass~ 
the current density required to renew the slowly dissolving oxide layer. Passivity can be observed

with metals like Fe , Ni , Cr , Al , Ti and a number of their alloys.

3. FORMS OF LOCAL CORROS I ON CAUSED BY I NHOMOGENEI TIES IN METAL OR ENVIRONMENT

3.1. Introduction

- ‘ I Until now both the metal and its environment were considered as homogeneous phases in which case a

- t  
un i form attack of the metal by the corrosion process can be expected. However , eng i neering metals have

se ldom a homoCeneous s t ruc ture  and during prac t ica l use loca l d i f fe rences  in the composit ion of the

envi ronmen t , i n  the temperature or in the mechanical stress situation may occur. These heterogeneities

can cause dangerous forms of localized attack , such as pitting corrosion , crevice corrosion , galvanic

corrosion , intercrysta ili ne corrosion , stress corrosion cracking and corrosion fatigue. It is imposib le

to treat all the aspects of these forms of corrosion in a short lecture. After a short general

~~
, ‘ 

“
~ i n t roduc t ion to each type , one or two illustrative cases w i l l  be d iscussed.

~ ~~ 
‘ 3.2. The ef fects  of an unhomogeneous environment

~ 
-
~~

3.2.1. Pitting corrosion.

P i t t i n g  corros ion is a form of localized attack that results in holes in the meta l with little or no

general dissolution of the rest of the metal surface. Most metals used in a passive condition , such as

Al , Al-alloys , Fe—Cr , and Fe—Cr-Ni—alloys , are sensitive to pitting corrosion , especiall y in environments ,

containing chloride ions. The propagation of a p it is caused by a large difference in the composition

• of the environments , in— and outs ide the p it.

Pitting can be demonstrated with pure aluminium. Even in this rather homogeneous meta l , p itting can occur

J 

in a neutra l aerated chloride solution. The initiation process by which the p its develop has not been

definitely clarified . Recent work by Foroufls and Thubrikar [11 indicates that pit nucleation is caused

by the adsorption of chloride ions under the influence of the electric field , followed by the formation

‘I.

I
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t of soluble basic aluminium hydroxychlorides. Ihis process will  have a high probability of repeating

Itself at the same site since at a constant electrode potential the electric field wi l l  tend to be

- 
— 

stronger at the point where the oxide film is thinned by the dissolution process. The penetration of the

oxide layer is followed by an anodic reaction , A l + 1120 AlOH 2”~ + H’~ + 3e, while the cathodIc reaction ,

Oz + 2H2O + 4e 40W , occurs on parts of the adjacent aluminium oxide surface. This causes an

acidification of the solution at the iniat lon spot , but also a local surplus of positive ions. Negat ive

ions , among which chloride ions , will migrate to this spot to restore electroneutra lity in the p it

nucleus . This leads to a large difference in composition of the electrol yte solution in the p it nucleus

1 - compared to tha t of the bulk solution , such that repassivation of the attacked area becomes imp ossible.

The result is a continuously growing p it tha t contains an electrol yte solution with a high concentration
:- of A 1C 1

3 
and a low pH , even if the bulk solution is neutral [2J. In the pit hydrogen gas Is produced by

the cathodic reaction 2H + 2e • H2,
The pitting process of Al , and also of other passive metals and alloys , onl y starts if the elec t rode

• potent ial is more positive than a critical value , the p itting potential e
r,
. The p itting potential can be

determined by electrochemical methods. In these methods the test spec i men is made part of an

• electrochem ica l cell and the electrode potentia l can be varied with an impressed current. At t >

p itting starts , which is indica ted by a sudden increase in current density. It is generall y accepted that

there exists for p itting Sensitive metals a second electrode potential , the p r~ •~ tln~ r ’otent icz Z

< e~ , below which the propagation of alread y existing p its comes to a stop. Recentl y Broil and

Holtan (31 i nvesti gated thoroughly the different ways of measuring and c and reached the conclusion

that for Al , C — CI p pp

/ 3.2.2. Jrev~ ce corrosion.

Crevice corrosion is a form of loca l attack , which can be observed within crevices or other shielded
‘1 areas of metal surfaces , exposed to a corrosive environment , in which the meta l is normally in a passive

4 condition . The process is tri ggered by a loca l difference in composition of the environment. It can be

illus trated by the behaviour of passive alloys in a medium wi th oxygen as the passivating agent. The

s l o w l y  d i s s o l v i n g  pro tec t ive oxide layer is res tored by the reaction (I) 2Me + 3H20 Me2O3 
+ 6H’

~
’ + 6e,

which is compensated by the cathodic reaction (II) 02 + 2H20 + 4e 40W .

If the metal structure contains narrow , liquid filled , crevices (e.g. between metal and gaskets), where

the supp l y of oxygen is restricted , the oxygen content in the crevice will be dep leted due to reaction

Il. This causes an acidification of the liquid in the crevice , and also a migration of Cl -ions into the

r. crevice to restore electroneutra lity. The result of both effects is a destruction of the passive layer

in par ts of the crevice. The meta l at the active spots is then dissolving at a hi gh rate , accord in g to

L - the reac t ion Me + 1120 • MeOH ’
~ + H~

’ 
+ e, wi th the compensating oxygen reduction taking p lace on the much I

larger adjacen t area outside the crev i ce (see fig. 6). If often takes a long incuba tion time to reach

this unstable situation , which shows much resemblance with the conditions for pitting corrosion .

3.3. The effects of difference in alloy composition

3.3.1. Galvanic corrosion.

Different metals may be present in the same construction . If these metals are in direct contact with

I; af • each other , and the construction is exposed to a corrosive env i ronment , the corrosion rates may be

diffe rent from those of the sing le metals in the same env i ronment. The metal with the l owest corrosion

potent al , when exposed separa tel y ,  w i l l  show an increased corrosion ra te , when i t is connected to a

me tal with a more positive corrosion potential. The latter meta l w i l l  have a decreased corrosion rate.

The anodic reac tion dom i nates on the part of the combination with the increased corrosion rate (a~toif~
area), the cathodic reaction dominates on the part with the decreased corrosion rate (~‘ot~~~J~~ area)

I 
-~~~ ‘

~~ (see fi g. 7).  Corrosion potent ia ls of eng ineering meta ls  and the behaviour of metal combinations in a

number of env i ronments have been determined and published to faci l tate the cho i ce of acceptable

combinations [4 , 5, 6 , 71.
In a system which shows ga l vanic corrosion , the ratio of anodic to cathodic area is of importance. If a

‘
~ combina tion has to be used with a large difference in the corrosion potentials of the separate parts ,

the cathodic area should be small compared to the anod i c  area .

I 
-—--TI 
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3 . 3 . 2 .  Intergra nula r corrosion.

In a homogeneous pol yc rys ta l l i n e  me tal , crys tals of different orientation are separated by grain

- - 4 boundaries. In these transition regions the atomic packing is more imperfect than in the matrix. In a

cor ros ive  environmen t these regions can be prefe rent i a l l y attacked in comparison w t h  the adjacent

crystal faces. The differe nce in reactivity is usuall y so sma l l  tha t macrosco p i c a l l y a un i form attack

is obse ved. There can however be large differences in reactivity, i f  along the g rai n boundaries zon es

are formed wi th a composi t ion , differe nt from the matrix. A number of engineering alloys shows this

metallurgical state , under cer ta in  cond i t ions of compos i ti o n and heat treatment. In a corrosive medium

this may lead to a severe loca l attack of the grain boundary regions with relative l y li tt le corrosion

of the ma t r i x , causing a desin tegration of the alloy , which is called intergra niu lar corrosion.
— Some of the middle and hi gh strength Al alloys can be quite susceptible to this intergranu l ar attack ,

• 
espec ia l l y in aqueous environmen ts containing chloride ions and dissolved oxygen. I n these a l l o y s  this

type of corrosion is caused by differences in corrosion potential or p i tt ing po ten t ia l  of the va r ious

constituents and zones along the grain boundaries and the matrix. As examp les th~ behaviour of two

binary alloys w i l l  be treated , one wi th Mg, the other with Cu. Both alloys have in conm~ n that the

a l l o y ing eleme nt is more soluble in the Al matrix at high temperatures than at room temperatures (see

f i g. 8 and 9).

• The s t reng thening ef fec t s of Mg, due to the relative large size of the Mg atoms , compa red to the Al  a toms ,

increases wi th Mg content. This has led to the use of supersaturated alloys. These wi l l  however show a

tendency to transform to the equilibrium , consis ting of a solid solution of Mg in Al (
~ phase) and the

in terme ta l l i c  compound Mg
2

A l
3 

04 phase). The nuc l eation rate for this second phase is rather slow. Onl y

when the Mg content exceeds 3,5 w/o , appreciable amounts of Mg
2

A l
3 

may prec i p i tate on the long run.

L Corrosion rates , for examp le in a neu tral aerated NaCi solution , are differen t for the a phase and the

Mg
2

A 1
3 

precipi tate. The corrosion potential (mostl y approxima tel y the pitting potential) of some alloy ing

me ta ls , of solid solu tions of these metals in Al , and of in termetal l ic compounds formed by them , measured

in an aqueous solu t io n , con taining 53g/ l NaCI , 3g/ i H
2
0
2 
at 25C , are g iven in table  2 [8 , 9, 1O~~. From

these figures follows that Mg
2

A l 3, presen t in an a phase , w i l l  corrode p r e f e r e n t l y  in such an env i ronment.

I f  the Mg
2

A i
3 

is  preci pi ta ted con t inuo usl y alo ng the grain boundaries , the alloy w i l l  be susceptible to

intergranu lar corrosion , This is confirmed by the good correlation which is found between the

micr os tructures of Al-M g alloys and their resistance to intergranu iar corrosion. An a l l oy  in which Mg is

retained in a supersaturated condition shows no intergranu lar corrosion . A heat treatment that facilitates

the d i f fus ion  of Mg atoms , leads to an accelerated formation of a continuous grain boundary prec i p i tate ,

resu l t i ng  in an alloy that is highl y susceptib le to intergranu lar corrosion . At still higher temperatures

the d i f fus ion  of Mg is so fast that the Mg2A1 3 preci p itate , striving to reach its physica l equilibrium

shape , w i l l  form separa te g lobular par ticles and the alloy is again resis tant to intergranu lar corrosion .

Solution treated and quenched A l — C u  a l loys  are , just as the A l -M g a l loys , stronger than pure  A l at room

temperature. In contrast with the Al—Mg alloys thi s strengthening effect is caused by the formation of

very small Cu-rich zones that are coherent with the matrix (Guinier-Preston zones) and sem i -coherent

precipitates (0 -phase). These can be considered as intermediate stages in the formation of the

equil ibrium p r e c i p i t a t e  CuA I2 , the 0-phase (see f i g. 9). A r t i f i c i a l l y ageing by heat ing the meta l in the

150—20 0C range , stimulates the prec i pitation of intermediate phases in the grain bodies and improves

therewi th the s t reng th , bu t also causes precipitation of CuA l
2 

in the grain boundar ies. I f  i n c r e a s i n g
amoun ts of boundary precip ita te are formed , reg ions d~-p le ted in Cu , w il l  develop along the grain

,.J boundaries. Table 2 shows that these dep le ted zones have a more negative corrosion potential than the Cu

containing solid solution of the grain body and the CuA l
2 

phase. The dep le ted zones w i l l  corrode

preferentially in a corrosive med i um such as an aerated sodium chloride solution , and intergranu lar
‘ corrosion will be possible if they form a cont ouous system along the grain boundaries. As the

precipitation behaviour is influenced by the Cu content , rate of quench after solut ion treatment , plastic

~~ deformat ion af ter  quenching , and ageir ig treatm ent , it w i l l  be c lear  that these fac tors  w i l l  also a f fec t
the susceptibility to intergranu iar corrosion .

The preci pitation phenomena in the hi gh strength Al alloys , i.e. the ternary Al-Zn-Mg alloys and the

quaternary Al-Zn-Mg-Cu alloys are more complicated but intergranu lar corrosion processes n these alloys

can also be understood by accepting the existence of active paths along the grain boundaries.
1,

~ 
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3.4 . The eff ects of an inhorno9eneous stress distribution

3.4.1. introduction.

If a part of an engineering construction is stressed in a corrosive environment two special types of

failure may occur. The first type is due to a conjoint action of a Static tensile stress in the metal ,

and a cor rosIve med ium. Both influences separatel y being ha rm l ess , the comb i na t ion can resul t in a

• dangerous form of cracking . This phenomenon which , wholly or par tly, is  caused by e lec t rochem ica l

reactions , is called stress corrosion cracking (s.c.c.). The second type , due to the combined action of a

cycHc stress and an aggressive environment , also leads to premature failure of metals. This phenomenon

is called corrosion fati gue.

The distribution of stress can be a third form of heterogeneity in a corrod ing system , in add i t ion  to

the alread y discussed inhomogeneities in the environment and the metal. Once a crack is initiated , the

nominal stress in unequally distributed and high stress concentrations at the tip of the propagating

crack occ ur . The theory of linear elastic fracture mechanics gives the stress distribution around the

crack [11] . Direc tly in front of
k
the crack tip the situation is dominated by the Stress in the y— direction

(see f i g . 10) and g iven by °y 
— 

~~~~ 
whe re K

1 
— s t ress int ensi ty factor (the subscript I denotes that

the opening mode is perpendicular to the crack faces). The value of K 1 
depends on the crack length I , the

nomina l stress S and the geometry of the cracking part , in the f o l l o w i ng way: 1(
1 — S ~‘l. f (geometry).

Very close to the crack t ip, °y exceeds the y ie ld s t reng th and a small p l a s t i c a l l y de formed a rea w i l l  be

formed . When K
1 
reaches a cri tica l va l ue , more s t r a i n  energy is  released , dur ing a smal l  extension , than

is necessary to create new crack surfaces and a new p las t i c a l l y defo rmed zone. The c r i t i c a l va lue for K 1
has a maximum value for a t h i n  p late with a p lane s t ress  s i t ua t i on  and a r e l a t i v e l y large p l a s t i c  zone in

r front of the crack. For a thick p la te w i t h  a p lane s i t u a t i o n  and a r e l a t i v e l y sma l l p l a s t i c  zone , K 1
L. j reaches a minimum va lue , ind i cated by K

IC .

3.4.2. Stress corrosion cracking (r.c.c.). - •

Qui te a lot of research work has been done Over the past 40 years , to f i nd an exp lana tion for this insidious

form of corrosion wi th the purpose of coming to a more predictable behaviour of structura l engineering

metals. This has not yet led to a complete understand i ng of the mechanism(s). Any succesful working

hypothesis should explain the following phenomenological aspects:

- Pure metals are generall y not susceptible to s.c.c.. The susceptibility to s.c.c. of alloys is affected

by the chem i ca l composition and the distribution of p reci p i tates.

- Generally there is a limited number of env i ronments in which a g iven alloy w i l l  show s.c .c.. Alloys of

hi gh inheren t corrosion resistance due to a pass ive condition e.g., 18/8 stainless steels and Al-alloys ,

require an aggressive ion for s.c.c. such as C l .  Alloys of low inherent corrosion resistance e.g.,

mild steels or Mg—base alloys , require an env i ronment which has a tendency to pass ivate , i.e. con tains

• 
- NO

3 
or Cr0

4
2 

ions.

-‘ — S.c. cracks proceed in a direction perpendicular to the direction of the tensile stress (app l i e d
• ex ternal l y or present as interna l stress due to pretreatment of the metal). Both in t e r gr ar ~u lar and

~~~~ .,~~~ transgranu lar s.c, cracks are observed . In tergranu lar cracking proceeds like intergranu lar corros i on

along grain boundaries but is confined to a few cracks. Transgranu lar cracking advances without

preference for grain boundaries.

- S.c. failure of a structural pa rt proceeds through three s tages , i n itiation of the crack , propagation

• of the crack and the final cracking failure due to overload. The initiation period varies from a few

• ‘1 seconds to many days. For hi gh strength Al alloys propagation rates are observed between lO~~~ me’s
C 1 _4

(s.3.10 m/y) to 10 m/s, depend i ng on alloy type , temperature , environmen t and stress situation [12].

V — The susceptibility for s.c.c. increases wi th increasing temperature.
• 

- A shift of the electrode potential to values more negative than the corrosion potentia l , by ex ternal

means (cathodic polarization), has a favourable effec t on the sensItivity to s.c.c.

— An increase in the nominal stress (and therewith an increase of the stress intensity fac tor K
1 )

~~ decreases the time to failure. Pr envir ori rer it s in which the allo y is su - ep t ib le to s.c.c., crack grow th

-
• ~ 

can be observed a t K—va l ues l ower than K
IC

. Under such circum s ances the value of K
1 

i ncreases with

‘~~ increasing crack leng th unti l  the K
i~ 

value i s reached and unstable fracturin g starts. A arbitra ry

I(
1 -va l ue can be defined bel 4 which crack growth due to stress corrosion effects is so slow that K IC
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Is onl y reached af ter many years. Such a threshold value i~ c a l l e d  the K
1 scc

_ salue (fig. 11).

Severa l theories ha.e been proposed to exp la in  the d i f f e ren t  phenomena of s.c.c.. Some of them dea l with
— 

i n i t i a t ion and propagation w h i l e  others onl y deal w i t h  propagat ion , ini tiation being caused by other

ef fec ts , such as p i t t i ng  or in tergranular  corrosion . A l l  these theor ies contain e lements  of specu la t ion

and roI~~e is accepted wi thout  doubt. It is convenient to r a t i o n a l i z e  the problem in terms of d i f f e r e nt

mechanisms app l i c a b l e  to d i f erent  types of a l l o y s .  These mechan isms are based on two d i f feren t idea s.

T he main point in the f i r s t  idea is that a weakening of the metal bond in the metal l a t t i c e  is caused by

adsorpt i on or absorption of cer ta in  species , which are  either present in the environment or formed by

I elec trode reactions. The second Idea is that a fast local electrochemical attack has an important function

in the lestruct ion process.

To the firs t group belongs the so called stress sorption cracking theory [13]. This theory tries to g ive

a unif ying mechanism for the cracking of stressed sul ids in a li quid environment. Analogous to the

cracking of plastics in certain organic liquids and the cracking of metals in specific li quid me tals ,

s .c.c. in aqueous solution is exp lai ned by the effect that specific adsorbates can have on the strength

between the meta l atoms at the extreme root of a notch or a ciack t p ,  subjected to a high tensile stress.

Th is  can be exp lained wi th the aid of fi j. 12 , which shows a metal under a sustained load , wi th a c rack

ini tiated by a notch or otherwise. Normally the metal w i l l  show p lastic deformation i f  a c r i t i c a l  shear
stress t is exceeded. If however the bond strength between the metal atoms at the crack roo t Is

decreased by adsorba tes , i t is possible that a critical va l ue of the cleavage stress °cr is exceede d

prior tot , and a bri ttle fracture , perpend icular to the loading direction , w i l l  take p lace . The e f f ec t s

of temperature , cathodic polariza tion and certain i n h i b i t i n g  anions can be exp l a ined by s pec u la t ing on

the influence these factors would have on the adsorption of the damag ing spec ies. S t i l l  more speculativej considerations are needed to explain the effects of alloy structure and stress on the adsorption proce ss .

Th e theory of hydrogen—assis ted stress corrosion [141 belongs also to the first group . The idea Is that

p hydrogen atoms formed by the cathodic reduction of H~ or H
~

O are par t l y absorbed and then diffuse into

L the metal under influence of a concentration and a stress gradient. The maximum hydrogen concentration

w i l l  occur at the p lastice—elastic interface in front of the crack where the hyd rostatic stress reaches

• a maxim um. There it causes decohesion effects , expec ia l l j ..t grain boundaries and at second phase

par ticles [15]. These effects can also occur in aerated neutral or alkaline solutions. Thouph in these

solu tions the reduction rate of H ’~, and generally also of 11
2
0, i s s low , the electro l y te solu t ion in the

crack is ac idified due to the predominant anodic reaction in the crack , Me + 11
2
0 MeOH~ + H

4 
+ 2e , and

the reduc tion of hydrogen ions can taken p lace at the crack walls. In genera l this mechanism of hydrogen-

assis ted s.c.c. fi ts well for the behaviour of metals with a body cen tered cubic structure because th  se

~~~ I are liable to hydrogen embri ttlement. Others extend this mechanism also to metals with a face centered
- 

- 

- 
cubic structure [16 , 17, 18 , 19].

• 
- 

The elec trochemica l theories of s.c.c. are based on the presence of active paths in ~he me tal , along

~~ which the cracks propagate owing to a fast anodic dissolution process (active path corrosion). These

ac tive paths are either present in the alloys in the form of intercrysta ll ine zones of a different

- ~~~~ composi tion than the matrix (pre—existing active paths), or in the form of strain generated act ve psths.

An example of cracking associa ted with strain generated active paths i s , where cracki ng of a protecting

surface layer , e.g. an oxide layer , due to the forma t ion of s l i p  s teps in the under lay ing me tal , exposes

‘L ~~~~~ bare me tal which reacts with the environment. If dissolution in latera l directions is restricted [201
P this process can result in cracking . The necessary restricted lateral dissolution can be caused by a

repassivation of the crack walls , leaving a very small ac tive area at the crack ti p . This is combined

wi th the effect tha t dislocations emerg ing a t the crack ti p of the straining metal , stimulate the anodic

d issolution process so that high current densities may be sustained at the crack tip [21].

A number of the med i um and hi gh Al alloys , used in aeronau tical industry , are sensitive to s.c.c. . For

the development of more resistant alloys it is important to know which mechanism causes the stre5s

- 
corrosion phenomena in these alloys. Since the crack path is essentially in tergranu lar the s.c.c. of Al

L 
alloys could be considered as a special ase of intergranular corrosion. The cracking is then associated

wi th the presence of pre - existing paths in the alloy in the form of continuous grain boundary

prec ip i ta tes or dep le ted zones that are anodi c to the matrix [22] (see also 3.3.2). This process which is

4 

:~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
- -~~ i ~~



W 
~~~~ 

- 

~~~~~~~~~~~~~~~~ 

— ———.— —

~~

- 
—

~~
-—--— - - .—

~~~~~~
---—-—--.—- - 

~~~~~~~~~~~~~~ ~~~~~~~~~~~~
-

possib l y valid for alloys of the Al-Mg and Al-Cu type , could be called stress assisted intergranu lar

corrosion . For al iojs of the Al - Zn-Mg type , and other more complicated high strength alloys , this pattern

of behavio ur is generally not accepted , as they are found to be susceptible to s.c.c. in enviro,~ en ts In

which they are not susceptible to intergranu lar corrosion without stress. In tha t case it is necessary

to expla in crack initiation and growth in the absence of a pre-exi sting susceptible path . Sprowls and

Brown [23) and Speidel (12 , 24] g ive an extensive survey of proposed mechanis ms for the cracking of these
‘
- alloys f rom which can be concluded that i t  is s t i l l  a controversial subject , both with regard to the

experimen tal results , and to the interpretation of these results. A survey of more recent publications

does not show an improvement in this situation [9, 10 , 25—321. The theories are generall y based on the

strain generated active path model. The active path is generated by sli p bands emerg ing at the grain

bou ndaries. One of the assumptions is that sli p takes p lace in prec i p ita t ion f ree zones along the grai n

bounoaries , followed by a preferential corrosive attack. In that case the presence and the width of these

precipita tion free zo les can be of importance. Another suggestion is that sli p occurs across the whole

grains in which case quantity and form of precipitates in the grain are of influence on the s.c.

susceptibility. Also the comb i ned mechanism of a rap id dissol ution of discontinuous anodic preci pi ta tes

in the g ra in  bounda r ies , like MgZn
2 

followe d by a tearing of the bridges between these precip itates , i s

b rought forward . Others advocate the decohesive effects of hydrogen , developed in the cracks [16 , 17,

18 , 19].

Al though the t eoreti c al understand i ng of the influence of the structure of Al alloys on the s.c.

susceptibility is s t i l l  limited , there is much emp irical exper ience. If the crack velocity v of a

propagating crack Is studied as a function of ~~e stress intensity fac tor  K 1 , generally a graph as g i ven

i i  fi g . 13 is obtained [33 ] .  This simp lified v-It diag ram shows a stress dependent part (reg ion I )  a t low
j K-va l ues , a str ess independent part (reg ion II )  at intermediate stress intensities and another stress

depende nt part (region I I I )  at hi gh stresses. Reg ion I and II are typ ical for commercial alloys. The s.c.

susceptibility can be improved in two ways , by shift ing region I to the ri gh t and region II to lowe r

crack ra tes. In this way the aluminium industry has developed high strength alloys with a superior

resistance to s.c.c.. Especially for the Al-Zn-M g-Cu sys tem , the crack growth rates of the velocity

p la teau (reg ion II )  could be favourably effected by alloy composition and heat treatment.

3. 4 .3 . ~- r ros ’ior ~at jw ’.

Me tals can fail by fa tigue in an inert env i ronment , if they are subjected to cyclic stresses much l ower

then their static fracture strength. In most nonferrous alloys , for example , Al a l l o y s , the allowable

cyclic stress always decreases as the required number of load cycles increases. In ferrous all oys an

endurance limi t is reached below which the metal can be cycled for an i ndefi iite number of times without

fail ing . Corrosion fati gue is the combined action of a corrosive environment and a cyclic stress. It

L ~ l eads to an appreciable reduction in fati gue life.

i 3 The fa ti gue process star ts with a crack initiation period (stage 1) which is followed by a period of

visible propagation of the crack (stage 2). There is no general agreement how both periods are divided

- .~

, 
-~~er the total fati gue life. One of the problems is that the length of the initiation period depends on

the sensi tivity of the crack observation method .

In an ine rt env i ronment the crack init i ation starts with the formation of cyclic sl i p bands a t the

surface , gradua l ly  develop ing in to intrusions and extrusions at which a microcrack along a slip p lane or

a grain boundary is formed . This in i t i a t i o n  process is accelerated by corrosion reactions. The exac t

4 mec h~,ismof the environmental ad ion st i l l  remains elusive. In general four princi pal effec ts are
- . considered , pitt i ng corrosion , preferential solution of anodic areas Induced by defo rmation , pro tec t i ve

film des truction , and surface energy reduction by adsorption of species present in the environment [34] .
Ce Acco rding to inves t iga tions of Duquett and Uh l ig (3 5 1 the initiation process is oni ’ accelerated i f

_‘ d the general corrosion rate of the metal exceeds a cri t i c a l  value.

Stage 2 of th e Fat i gue process is also shortened if the cyclic loading takes place in a corros I ve med i um .

There are a number of different hypotheses on fati gue crack growth (36-39], but at the moment nothing

~~~~~ conclus ive can be ~~id about the fundamental aspects of the env ironmental effects on this growth

process. I 
-

For aircraf t structur e s the principle of fail—safe desi gn i s  o f t e n  used . This is based on the idea that

structural metals nay contain natu ’a defects , such as , Incl usions , weld cracks , ano corros ion p its , that

may act as starting points for fati gue cracks. In that ca s ’ the fatigue life is controlled by the crack
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propaga tion rate and a prec i se knowledge of this ~aIue Is require d. ;uch f i gures are obtaIned by

experime ntal work in which the fati gue crack grow th process is studied for a given material ,envi ronmen t ,

load range , wave form of the load cycle , and cycling frequency. Crack propaga tion rates are generall y

correla ted with the stress intensity fac tor , to obtain comparable fi gures for spec imen s of a d i f fe ren t

shape (limi tatIons in the use of this parameter are given by Schijve (40]). I n  fa t i gue tes t s a s t ress

cycle i s charac terized by two nominal stress values , Sm~~ 
and 5min~ 

This  imp l i e s  t ha t the st ress a t the
propaga t i ng t i p can be specified by t wo values , Kma and K

m i
n 

(see fig. 14). The test results are usuall y

give n as fatigue crack growth rate per cycle as a function of K and K . , or as — 
~R 

(A K) , in

w h i c h  AK — K - K . and f depends on the stress ratio R — K . /K . The effect of a corrosive
1 

max rein R m m max dl
environmen t on the growth rate of a fati gue crack can be eva l ua ted u t i l i z i n g  ~~ versus A K p lo ts , measured

- a t the same R , frequency , wave form , and temperature as is shown schematicall y in f i g. 15. The

environmen tal effects increase with increasing temperature and also depend on t he frequency as , again

schemna ti~~a l ly ,  is shown in fi g. 16. The wave form of the load cycle also seems to exert influence on

the fa t i gue crack grow t h , in a sense tha t the corrosive effects are m a i n l y opera t ive in the ascending

part of t he load cyc le  E41 1.  All these effects suggest tha t time and temperature dependent processes ,

such as diffusion controlled electrode reactions , or adsorp tion or adsorption processes , are  ef fec t ive

in fa t igue crack propaga tion.
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TALE 1

Electroch emnica l Series of Standard Potentials (25C)
V

• 2+Mg * Mg + 2e - 2.37

Al AI 3
~ + 3e - 1.66

4 Tm .- T I  + 2e - 1 .63

• 2+Mn -’- Mn +2e — 1 . 1 8

H2 + 2011 21120 + 2e - 0.83
• 2+Zn .- Zn + 2e — 0 . 7 6

3+Cr Cr + 3e — 0.74
2+÷  3+Cr .- Cr + e — 0 . 5 6

Fe ~ Fe
2
~ + 2e - 0.44

Cd Cd 2’~ + 2e — 0.40

Co : Co2~ + 2e - 0.28
Ni Ni 2’~ + 2e - 0.25

Sn ~ ~~2+ + 2e - 0.14

Pb - Pb 2’~+2e -0.13

H2 2H~~+2e 0

I Cu ~ Cu 2~ + 2e + 0.34 A
40H~~~~O + 2 H 0 + k e  + 0.40

Fe2’~ Fe3’~ + e + 0.77
Ag Ag’~ + e + 0.! 0

Pt Pt2’~ + 2e + 1.2

— i 211
2

0 0~ + 4H~ + 4e + 1.23

• TABLE 2

Corrosion (pitting) potentials of Al , Al alloys ,
1 their alloy ing elements and intermetal lic phases (8]

Phase V(SHE)

Mg - 1.39

Zn 0.74

Mg 2Al
3 

— 0.90

Al + 41n — 0.71

- 
• 

I MgZn
2 

— 0.71

Al + u n  — 0.62

• 3 Al + 7Mg — 0.55

Al + 5Mg - 0 . 54

• 
- A l + 3 M g  - 0.53

Al 99.95 - 0.51

~~ 
Al + 2Cu — 0.41

CuA l
2 

— 0.39

-• ‘,, I Al + 4Cu — 0.35

I I Cu +0.14

Solution: 53 g/l MaC i , 3 g/l H202 at 2 5C.
a,.,
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ECONOMICS OF CORROSION

R. N. Staehle
- 

— . Departme mAt c~f Metallurg ical Engineering
‘Ihe Ohio State University

Columbus , Ohio 43210

~~~~~~~ ~r rrt 1A~t,~,~~~.NK,,.NC1T p’~~
1.0 INTRODUCTION

• TIe combined ani.ual maintenance for military aircraft is on the order of $l.5—2.O
billion . Various informed but informal estimates suggest that the costs directly associated
with corrosion including repair and inspe~ tion are at least 25% of the maintenance costs.For the fiscal year 1975 the total of operation of maintenance of the air force was $10
billion . This is twice the 1965 figure while over the same period procurement costs have
l(~~t changed signifl~ antly.

These high costs for both o~ ation and maintenance (O&M) , while the procurement
costs have not changed significantly, have prompted a major concern for reducing the
Cost of maintenance operations, Reducing the cost of corrosion is unly one of the avenues
to be taken in this effort. Other costs are associated with retrofitting, inspections ,

• replacern nt (tires) , etc. A major component of all costs is labor .

At present it ~s impossible to define a real cost of corrosion owing to the complete
lack of manipulable information. Uncertainties are described in this paper. Rather , I

• outlined some general considerations which should serve as a reasonable basis for improv-
ing th~ understanding of not only corrosion economics but the general problem of mainten-
ance economics. The ideas herein , however , are promptee primarily by considerations of

• corrosion.

-‘ 2.0 FOSTULATES

In develooir.y an understanding and plan for considering corrosion costs there is a
L series of postulates which can probably be accepted by most readers. It is not necessary

to discuss these in detail for their validity is more or less self evident. These
postulates are outlined below .

1. Any modification for improving corrosion resistance is cheaper to perform during
in i t i a l  m a n u f a c t u r e  and design than dur ing  a maintenance ~vai labili ty .

2 .  Any f e a t u r e  of corrosion resis tance needed by the purchaser must be def ined in
the purchase specification.

+ I 3. F r  corrosion preventive features to be incorporated op ttmal l y ,  the corrosion
organization must approve (sign off) drawings.

4. Sufficient information is available to prevent the occurrence of most corrosion
induced failures; and for the cases where uncertainties exist the techniques
of corrosion—mechanical testing which are available permit resolving these
uncertainties.

5. The largest fraction of cost in maintenance operatic~ms is associated with the
activities of people. Thus , improving the efficienc] of the people should
receive hi gh p r i o r i t y .

• - 6. Design features which facilitate maintainability and accessibility will reduce
costs.

7. Most corrosion failures are related to one of the following:

a. Availability of water or moisture.

b. Presence of chlorides.

c. Crevices .

s d. Use of very high strength materials.

e. U nexpected sources of impur i t ies .
uV , 3.0 UNCERTAINTIES AND PROBLEMS IN CALCULATIONS OF CORROSION COSTS

Those who have in th~ past calculated costs of corrosion have often labeled all
~~~~ 

‘
~~ ‘ preventi -e actions which were undertaken as costs of corrosion. This is rot a valid

approach . Fir ,t, aircraft could not fly if substantially lower strength alloys were
,
~ used which ha-,e improved resistance to SCC ; the design is constrained to use high

strength al loy .~ for  their fa t igue  strength.  The use of protective coatings , inhib—
itors , shot peening, and 4rainage paths is not extra but is an integral part of
using hig h strength aluminum alloys.
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The only t rue cost of corrosion occurs when downtime or relativel y low avai labil ity
occurs and is more expensive than incorporating an ini t ia l  design feature . This incre-
mental difference is a cost of corrosion. Until  information is tabulated in such terms
any e f for t  to assign a real cost of corrosion is vacuous .

In this connection one faces up to the fact that aerospace alloys are inherently
reactive . Aluminum , t i tanium, and magnesium all have relatively low standard potentials
relative to oxidation by water .  Further,  when alloys are used in these high strength
conditions they have relatively low values of K1 and K1 .

c scc
A second problem in calculating corrosion costs is the difficulty of extracting

what fa i l ures are caused by corrosion. For example , fat igue is often initiated by
locali zed corrosion problems such as pitting , SCC , intergranular attack or by f re t t ing . -

The failure mode appears to be fatigue but the initiation is corrosion . So what is the
cause? Wear is a high cost failure item; again , some wear is corrosion related . Also ,
environments play a synergistic role in fracture damage. Finally, some fa ilures occur
by corrosion processes which wer e actually not caused theref rom but resulted from a
personnel mistake.

Most of the cost of maintenance is associated with inspection . In defining a true
• corrosion cost, that part of inspectic n which is corrosion—related should be assigned as

a corrosion cost if the cost could be obviated by eliminating the inspection as a result
• of more reliable corrosion control.

Aircraft , in general , d i f f e r  from other commercial equipment owing to the high
mechanical components relative to the capacity of the alloys. Thus , a lar ye fraction of
the structure operates relatively close to the fatigue limits, This trend implies a
high sensitivity to corrosion fa tigue .

The military is often criticized for high maintenance and design costs rela tive to
commercial practice. Some of this is no doubt justified and serious efforts should be
initiated to incorporate commercial practices wherever possible. Nonetheless , many of
the precautions and procedures which are used by the military derive from the nature of
their mission . For example , a carrier based commercial a i r l ine  would be a ludicrous
idea , and commercial aircraft organizations would go to great lengths to avoid stack
gases such as those on carriers.

Also , no one would think of high speed low altitude flights for commercial air-
P lines as the pattern for modern attack planes. Such requirements increase the concern

for chemical—mechanical integrity .

The electronic packages on military aircraft are inevitably more extensive because
I ’ - of the requirements of weapons system in addition to the usual systems for navigation

and aircraft control. These electronic items are very sensitive to corrosion; and ,
further , their dense packing hinders accessibility .

Thus, there are certain costs which are implicit in military aircraft. These must
be accepted as a starting j~oint and certain corrosion related allowances follow there-
from.

4.0 AVENUES FOR REDUCING COSTS

The elements of cost relative to corrosion include——to varying extents—-the
following :

1. Frequency of inspections which are related to the need to repair corrosion-
related damage .

“.i ..~~~ 2. Number of people requred for  inspection and repair dur ing a maintenance
availability.

1 3. Time required to perform inspection and repair tasks.

4. Replacement parts and materials.

~ 
~~~~~ 5. Modifications in design and materials leading to increased cost which

C 4 arise from corrosion motivated problems .
~

6. Decrease in payload resulting from corrosion motivated allowances.- v
One of the clearest areas in which cost savings are possible relates to thew~ maintenance personnel. Whatever will decrease the time and improve the effectiveness

with which they perform their tasks will reduce costs. This implies the following :

1. Increasing the competence of personnel.

2. Improving accessibility to the aircraft. • 
-

3. Extra precautions to reduce necessary maintenance in difficult-to-reach areas.

4. Reducing the frequency and length of repair availabilities.

S.’ 
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The feedback of repair informatio to design is useful in determining what actions
are i.~eded and which are excessive . Substantial improvements are probably possible in
organizing the information feedback. Atten ion should be given to more defined judge—
vents of the mode of failure. This information would provide bases for more precise
judgement during the initial design.

In developing valid estimates of corrosion related costs more attention needs to be
given to a broader spectrur.. Specifically, the calculations need to include at least
the following :

I. Direct cost of preventive procedures applied during manufacture including any
weight penalties , extra labor , and testing for validation .

2. Savings in length and frequency of maintenance availabilities.

3. Incremental reduction in number of aircraft needed in a fleet as a result of -

reduced maintenance availabilities.

4. Probability of preventing total or major failures of aircraft.

Another contribution to reducing costs may derive from improved definitions of
environments to which aircraft are exposed. This would include the following :

1. -r ir e profile of relative humidity.

2. Analysis of ambient pollutants.

3. Analysis of aircraft surfaces to determine which pollutants are accumulated .

4. Chemical analy;is of insulation , gaskets , machining lubricants , sealants,
• fuels.

• While the subject of corrosion happens to be the primary objective of this
discussion , other processes must be included as well. Thus, there is little value in

L ei~phasizing corrosion problems if the dominating issues are more related to wear andfatigue .

Finally, since most of the changes in design are incited by failures which occur - -

in the field , increasing the precision , speed of acquisition , and breadth of this
information is desirable. Accordingly, it appears highly desirable to take the following
steps :

1. A corrosion reporting procedure should be developed by the air force and Navy
where all information can be tabulated for both services using standard
procedures. These procedures should be utilized by all NATO countries.

2. Ambient conditions including relative humidity , temperature , precipitation ,
and air-quality should be developed for all sites where aircraft are based .
Again , this information should include all services and countries included in
NATO activities. This information should then be related to the failure
information to assess possibly causative relationships.

3. All damage modes including fatigue and wear should be assessed simultaneously
with cotrosion , and the causative and non—causative conditions should be
delineated.

4. The experience of commercial fleets in all of the NATO countries should be
- - included .

While early stages of implementing the above would certainly be tedious , the constant
economic pre ;sure which results from increasing 0 and N costs should be sufficient -

~~~~, 
‘U~~~ incentive to develop such a system.
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L Foreword

The writer ’s responsibilities are primarily concerned with materials
I problems in Naval aircraft ashore and afloat. It is inevitable therefore

‘P that many of the comments and opinions herein are concerned with this area
of operation of military aircraft and with the needs for the highest

I possible standards of corrosion resistance to the marine environment.

This environment however is probably the cost severe to which current
aircraft are regularly ~-~posed and with few exceptions good corrosion
perforsance here will meet the requirement of almost all other operational
theatres.

I.- ~
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-
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I IThis paper expresaes the opinions of the Au t L~ r. and does not
necessarily represent tc’ ~fficia~1 v i ew of the ~inistry of Defence.
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INTROWCTION

The title of this paper Corrosion in Airframes , Power Plants and Aircraft Equipment by
definition invites a straightforward catalogue of classical instances of corrosion arising aa a
function of unsuitable material selection , inadequate protection, impoverished standards of
maintenance, utilisation outside the predicted flight envelope or ambient condition etc. It was
tempting to fall into the trap of producing merely selections from among the vast numbers of
examples on record providing an easy and essentially n n-controversial paper.

This however does little towards a critical assessment of the situation, and therefore the
author sought first to re-examine the statement made in the preamble to this lecture series in the
AGARD progranmie for 1976, and to see whether it is true that in fact most corrosion instances have
been seec before, and could therefore have been prevented by application of known techniques.

A review of even a small percentage of corrosion arimings and the vast amount of  literature
on the subject confirms this factor of repet i t ion — one has the feeling of being on a roundabout ,
and familiar scenes pass by from time to time with comparatively l i t t l e  change. The truth of
the matter  is tha t  of all the multifarious defects which arias in each succeeding generotion of
aircraft , that  of deterioration due to corrosion is probably the greatest single repeated problem.
Furthermore in a large percentage of cases few if any totally new factors are involved , and the
manifestat ion is merely a repet i t ion  of what has often been seen before.

In preparing any paper on the present state of the art , therefore , it is di f f i cu lt to find
some entirely new fundamental mechanism or set of circumstances which highlight a form of
corrosion not seen previously or which exemplifies a mechanism hitherto unknown; by far the bulk
of evidence arising is a reiteration of old examples.

Regrettably then the premise in the introductory preamble to this lecture series is all too
true, and there is little doubt tha t on purely technical grounds many of the problems which have

j  
been both irksome and costly have existed over the years in several generations of a i r c ra f t .  If
not eliminated entirely some could have been spectacularly reduced if known preventive measures
had been meticulously applied at the proper time , and with the requisite level of pr ior i ty  and

p importance , in a determined policy to attack the continually nagging corrosion problem.

S~*4E FACTORS AFFE~Tfl4G THE PR0BL~~4

Before discussing specif ical ly  the sub-divisions of airframes , engines and equipment , there
are a number of general factors involved in this whole subject which it is desired to highlight.

( i )  Exposure

The kind of environment which in Naval oper~.tions has come to be regarded as in
no way unusual , is exemplified in my f irst  slide and operations involving
conditions such as these both in the role of Anti-submarine warfare and Search
and Rescue are commonplace. (i) Nor is the fixed wing aircraft operating from
larger ships very much better o f f .  By vir tue of numbers embarked such aircraft
frequent l y spend sutstantial portions of their operating lives above decks
exposed for long periods to a saline atmosphere, often further polluted by funnel
gases.

There is one very fundamental d i f ference between defects arising due to corrosion
and these other mechanical , operational, or stress-induced defects in a i r c ra f t ,
and that is that corrosion and the problems associated wi th  it are substantial ly
calendar dependent whereas the vast bulk of other potential defects are fly ing
hour orientated to a much greater degree. Whether an aircraf t  f l ies a lot , or
for some reason spends a fair amount of time on deck , has very little effect on
the incidence of corrosion arisings, and some of the worst cases of corrosion
which the author can recall have been in deck parked aircraft in carriers
involved in fast transit passages where f ly ing has been very limited.

The long ranging land based maritime aircraft frequently flying very long sorties
C over the sea , much of which may be at low level is also commonly in conditions of
S severe exposure and widespread outbreaks of corrosion can occur with the

consequent difficulties and high costs of detection , and rectification. The
problem is usually less severe in more benign conditions of operation but
modern military aircraft have an increasingly wide spectrum of capability and
the anti—corrosion standards employed need to be such that msterial performance
is essentially unimpaired whatever the operating condit ions.

~~ Unless there has been a gross misapplication of material , ~r omission of
protection, first signs of the onset of corrosion deterioration rarely arise
in the early months of an aircraft ’s life. Protection is then at it ; beat ,

~~~~4 

usually non—damaged e i ther  by hand l in g  or opera t iona l  condi t ions , and the
aircraft is n.wly exposured to the environment .  S ich th ings  as Intensive
flying Tri*le of new a i r c r a f t  types or acceptance flyin - of newly de l ive red
aircraf t  rarely if  ever cho w e i the r  corrosion examples , or more i~r p or t an t l y ,
the corrosion trends to be expected as the a i r c r a f t  grows 01 1cr.
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(ii) Initial Standards

The standards of protection used at build are of necessity based on a combination
of experience of previous generations of aircraft and on laboratory and field
assessment of materials, processes and build techniques. However , in spite of
the existenc e of procurement handbooka laying down design requirements for new
aircraft , it is not a justifiable assumption either that all the very best
techniques are universally applied or that  they are applied with aximum
efficiency. Over the years, in examining examples of corrosion arisings of all
kinds the impression is gained tha t sometimes inadequate concern is given at the
early desig~/material selection stage, to the need both for intrinsically high
corrosion resistance in the material itself and for the application to it of,
not one , but a combina t ion  of t reatments  at both compo nent , sub—assembly and
build stage , all designed to combine in meeting the total spectrum of corrosion
performance requirements. It is not, in my submission, mound engineering
judgement to employ in a severe environment , materials which have a high
intrinsic susceptibility to one or other form c corrosion deterioration on the
assumption that the exterior protection will prove the be—all and end-all.
Furthermore i t  is essential to dispel any potential impression that maintenance
routines should ‘r will look after any deficiencies in initial material selection
and protection. For many years now the military user of aircraft, frequently
opera t ing in a severely aggressive environment , ham not onl y had to devote
large amounts of maintenance efforts to ensuring continued material integrity
but has come to regard this as the norm , and this is a costly, and in the long
term totally unacceptable situation. Growing complexity of modern aircraft/

— weapon system combinations demands an amount of mechanical , electrical and
electronic main tenance which is steadily increasing. Efforts are continually
being directed to reducing the size of this maintenance task by improved
reliabil i ty of equipment and it is of equal importance to do the same in
respect of corrosion behaviollr of materials and their protective coverings.
Nowhere is this more severely felt than in aircraft operating in the maritime
role and in particular the singleton aircraft or small air group operating
from a relatively small ship. In the latter case limited nan—accommodation

j precludes a maintenance party of other than the bare numerical minimum and
ideal ly during the embarked stage there should preferably be no requirement at
all for maintenance of the airframe structure to retain it in a corrosion free
condition. The material selection/protecti’n combination should be able to
withstand the normal operating environment for a period of at least six months
without the need for any form of treatment other than possible external cleaning
to remove salt and soil.

We have not achieved this ideal at present and it is almost certainly one which
can never fully be realised , but i t  should be s t riven for .

We have however become far too insured to the need for corrosion teams,
corrosion kits, corrosion rectification or supplementary protection routines
as a normal way of life. They are camtly in man e f f o r t and time and they
absorb e f f o r t  needed in some of the other more immediate maintenance activities
essential to operations.

This ‘acceptanc e ’ of relatively high levels of man hours of anti—corrosion
maintenance can result in a situation where basic improvements at build cease
to be made , on the basis of ‘no demand ’. The materials engineer should always
be in a mitustion where he questions the validity of what ham gone before , with

• the user pressing hie experience and mak ing his requirements clear for the
• 

_ 
discarding of old practices where these have proved indifferent .

• ,~~~~ ( i i i )  Feed back of information

Of course the problem is not one sided and it is by no means all a function
of omissions or indifference at design or manufacture. Both designer and

4 producer on the one hand , and operator on the other , are keenly desirous of
improvement in tnis field but there is often insufficient feed beck of
information from the user t— the manufacturer on the precise conditions of
exposure , and the nature of the environment in which the equipment being

~ 
.~ designed im regularl y and normally to be operated , and this may be

* particularly so in bought-out equipment or with sub contract design and

- i manufacture.

I t  is a chastening and depressing thought that many e~~ineers or materials
specialists with high levels of design responsibility for an equipment for
a sea-going role have never set foot in an aircraft—carrying ship. In the
author ’s view the r e s pon s i b i l i t y  is reciprocal between operator and supplier ,
on the one hand to ensure feed back , not just of the corrosion defect but of

~
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a precise assessment and atatement of the conditions which have caused it , and
on the othe r of a demand by design and materials engineers to see for themselves
and be fully apprised of the conditions in which their brain-child may quite
normally and reasonably expect to be operated. The environment itself cha nges

— - l i t t l e  or not at all with the years, apart from changes perhaps in pollutant
level, but the manner in which we operate military aircraft often changes with
changes in offensive or defensive equipment. The spectrum may embrace greater
or lesser degrees of high and low level operation, fast and slow speed , trop ical,
temperate and arctic exposure , short and long sortie patterns. A pre ponderance
of operations in a particular environment will of ten profoundly a f f ec t  the
resulting corrosion behaviour and what was at one time applied to and may have
been acceptable in one ai rcraft  appl i ca t ion  will not necessarily be acceptable
in another. It is all too easy to adopt a tacit acceptance with an air of
inevitability that things have always been done this way but the facts of life
are that corrosion containment merits increased emphasis as aircraft become
more expensive, iite n less numerous , longer lifed , and capable of operating
under more and more exact ing condit ions.

One aspect not always well appreciated is the enormous difference in
aggressiveness of the environment  attendant on the sea going aircraft or the
helicopter operat ing regularly from shi ps in an anti-submarine or air sea
rescue role , compared with the large passenger carrying or transport aircraft
whose commonest glimpse of the sea may be from high altitude. This is not
to suggest that the latter suffer no corrosion problems but they may be slower
to arise and in the same period reach a lesser degree of severity.

(iv) Economics

The economics of corrosion are comprehensively dealt with elsewhere in this
sym posium but i t  is desired to make a brief reference to this aspect here
purely from the p ain t  of v iew of the user.

The basic costs to the operator covering corrosion prevention rectification
fall under two main headings, v i z :

(a)  Those involved w i t h i n  the orig inal cost of equipm ent  at the
procurement stage ;

and (b)  Those arising in Service as part of the Cost of ownership.

Military users, and no doubt civil operators also , currently spend substantial
amounts of time and money on corrosion prevention/rectification af ter  equi pment
has been delivered for service and it is for very cr i t ical  review to what
degree this is disproportionate, and whether the cost of ownership aspect
cannot be reduced by ensuring a superlat ive standard in the f i rs t  instance.
It is frequent ly  di f f i c u l t  to determine precise orders of costs in Service
because anti—corrosion work is not always separataly recorded by the operator
from other maintenance activities in a form whereby precise costs are easily
derived.

In the Royal Navy the general heading “Husbandry’ embraces all corrosion
prevention and rectification but the term also covers work other  than  on
corrosion , e.g. pulled r ive ts , loose clips , damaged fasteners etc . Recent
economic exercises on certain a i r c ra f t  t~~pes however have been much more
specific and assessments have been made covering the degree of effort
involved purely in corrosion prophy laxis and r e c t i f i c a t i o n  at various
stages from f i r s t  line day to day aquadron operat iuns , through arisinro

• pinpointed by three monthly and annual surveys and f ina l ly  to tha t

~ 
-, arising in P.B.M.(PAR) type operations. To cover the whole picture such

- 
- assessments need to be expressed not only in terms of actual financial

costs , but of the operational or logistic effects of withdrawing aircraft
from Service for the p er formance  of this work .

It needs little study however to appreciate that the number of aircraft
- ‘(

~~ needed within a given fleet to meet a given task ce n readily be adversely
affected by the need to look for, find , tem porarily or pe rmanen tly rec t i f y ,

Cl or finally modify out , corrosion, and the more comprehensive the study,
the clearer the p ic ture  becomes tha t the whole business is very costly.

The present balance of e f fo r t  and cost d is t r ibu t ion  between the two headings
noted above is challengeable. In the procurement of new a i rcraf t  f i rs t
cost is of ten  the major controlling factor to the detriment sometimes of

~ 
‘
~~ the ul t imate total through l i f e  cost , and there is no doubt tha t  on occasion

this can mi l i t a t e  against the initial adoption of somewhat more expensive
mater ia ls  or techniques , irrespective of their longevity. This is a - -~

~~ situation which has been experienced by most organisations from t ime to
time. A paper on Aircraft Corrosion in the US Air Force (2) written in
i%L. concluded with the statement “We have come to realise that $5000 worth

1, 
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of the proper finish oioi ied dur ing  prod ict~on will ost likely prevent
~~Q,OOO of replacement , reioi r , ... in ~~~ Ilture ~~~~

- of the aircraft.
It  has become inevi table ~~~~ eor _ , , l i P ‘ i r a - . ano ilmi tea rr,: rrrwer for
corrosion control that all aircraft r~,nt  or or •terter: to t~.e - .t ~ - Irt durin~-’
production ”.

(v) Awareness of the Problem - Training

In common with other operators the Royal lr v :,- ye adopted a oro -ror~ne of
specific anti-corrosion training for maintenance operators who are or wlhl
be involve d in corrosion work (

~). This cuvers sections of the basic
training of newly joined ratir .~’s and also a Special Ai rc ra f t  Main tenance
Course covering aircraft corrosion .ihich is attended by various ranks, hC~ s
and selected officers. Over the years since tlii~ was introduced in 1%~•
several hundred engineering and operating’ personnel have attended and in
addition refresher courses are also • ‘iven from time to t i rl .

The ability to recognise the earliest signs of co rrosion and an apprecia t ion
of the nee d for early r ec t i f i ca tion is of paramount importance in good
squadron maintenance of a i r c ra f t , engines and equipment. There is naturally
great d i f f i c u l t y  in ‘selling ’ the philosophy of p revent ive  maintenance -

maintainers  who are hard pressed to carry out other essential mechanical
or electrical operat ions are not easily persuaded to spend even a short
amount of time in preventive maintenance on areas of known corrosion
proneness but which are not yet actually suffering attack. Prope r training
in early recognition, effect ive control , and permanent restoration help to
overcome this and as an added benefit a such more accurate appraisal of the

- . cause is often obtained if serious arisings do occur. From a time-availability
standpoint such training competes with all the other essential training facets
involved in producing effective maintainers but it is money well spent.

In the area of aircraft design and manufacture however , particularly when one
gets down to the small sub assembly stage, or minor equi pmen t item , the

• 
impression is sometimes gained that there is often imperfect appreciation of
the fundamental  corrosion behaviour of many materials , both alone , and in
combination , and in part icular of the effects likely to arise with certain
geome tric forms and material condit ions, when exposed in severe ambients.

It is useless preaching to the experienced materials engineer the gospel of
better corrosion performance by enhanced design and material application.
Materials specialists are , or should be, already converted but their role
or relative importance in the design hierarchy may not always be of adequate

• status , and it is in this area of relationahir where sometimes the battle
needs to be fought.

AIRFRAME S - FIXE D MID R(Y~ARY WThG

( i )  General

In both the Royal Navy and the RAF an essential part of air operations involves
low flying over the sea, and hence regular and frequent exposure tc saline
conditions. This applies both to helicopters engaged in Search and Rescue
and Anti-Submarine operations, and also to fixed wing aircraft either carrier-
borne or shore based. The corrosion problems are essentially similar , and
the incidence of corrosion is generally higher in much aircraft than in those
primarily associated with overland or higher altitude roles.

To a greater or lesser degree corrosion occurs in all types of aircraft
irrespective of source , i.e. both British built , and those bought from overseas.
It is exceedingly rare however to find an instance of corrosion presently —

occurring which is due to a cause, or which involves a fundamental mechanism
which is not pretty well understood , and which generally has not been seen
before.

- • -
~~~~ The comment must be made however that what the user is curren tly seeing is the
~..I result of materials applications and protective techni ques on aircraft which in

many cases were or iginall y designed up to ten years ago or even rr~ re. The
question may then be asked to what extent in ar aircraft being designed today
will these problems still arise and can we set ,~ bly hope that in today’sr a i r c r a f t — o n - t he — d r a w in g  board” ~e rir-ht have fewer corrosion arimings and be
able to reduce our man effort in preventive end restorative maintenance and —

~v hence coat-in—serv~-~e? Pr’ answer this it is r~~Ie~ cary tr fall back on
comparisons of corrosion tehaviour over toe years and whi ls t  the  pic ture  is

• not all good , there are some areas of hope.

(ii) Airframe Structure - Aluminium Alloys

‘~~~ In the author ’s experience there have been broad changes in the form of corromion
manifestation over recent years, mainly as a result uf changes inherent in design,

~ 
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and the associated use of higher strength materials, generally in thicker

r sections.

F Early past-war designs used substant ial amounts of sheet alioys, in many cases
- - alclad , in rivetted aasemblies, and these tended to suffer corrosion in the

form of surface attack and pitting in severe environments. This was frequently
associated with the relatively indifferent performance of paint Systems
notably primers, but these earlier types suffered only to a limited degree from

r the problems of exfoliation corrosion and stress corrosion, again mainly as a
function of their intrinsically thin section construction. There were
exceptions in the case of extrusions and forgings but frequently these were
in lower strength alloys compared to their modern counterparts and perhaps
showed marginally less susceptibility at the lower stress levels. This is
very much a generaliaation and obviously exceptions can be quoted but this
was the more general pattern of corrosion in J~I aircraft at tha t time.

The advent of higher strength alloys , the design requirement of thicker skins
often chemically milled, and later the move to machined plate introduced
much more widely materials and sections with greater susceptibili ty to both
exfoliation and stress corrosion and generally this has remained with us
elsoet to the present day. Heavy section, higher strength alloys have been
used extensively in the T6 condition in the search for maximum properties,
and stream corrosion failures in some form or another have been experienced
by many users , particularly where high sustained surface tenaij e stresses in
the transverse direction have been involved. Since the latter part of the
1960e there has been a much better understanding of t~ e l imiting conditions
for the use of these materials and a growing appreciation of the desirability
where possible of using them in the double—aged condition. In many cases ,
in reworking existing aircraft and equipment it has been possible as a
retrospective move to introduce re-heat treatment of some components to bring
original T6 material to the P73 or T76 condition without  change of scantlinga
and with substantially beneficial results.

There is within the last few years vastly improved documentation concerning

J the optimum design and fabrication conditions for use of materials in this
class and the indications now are of greater appreciation of how best to use
them. A recent design brochure of a commercial transport aircraft , detailing
the materials selection shows the almost universal appl icat ion of P73 or T76r ~ temper conditions of the 7000 series light alloys and a paper presented at the
US Tn —service Corrosion of Military Equipment Conference in 197~+ shows how
the same philosophy was being applied to a new fighter. (1+ )

Changes in design involving machined plate or slsb and the associated reduction
of the amount of thinner sheet materials employed has inevitably seen a
commensurate reduction in the amount of clad aluminium alloy used. There is
however no lack of appreciation of the value of cladding in this context and
it is noteworthy tha t some new aircraft designs are still using claddi ng where
possible. Cladding is sometimes droppe d both for basic strength and fa t igue
reasons and it is a nice balance of choice between corrosion performa nce and

~~ I strength/weight considerations. Although the inherent value of cladding is
appreciated, in the author’s experience, improvements in pre-treatment and
primer performance have made this a less essential prerequisite of naval
aircraft design than once was the case. Nevertheless on balance cladding

-
. is preferred where possible.

Whilst there is little doubt that the use of unclad alloys has af fec ted  the
• • 4 corrosion situation, changes in the type of fastening of the thicker  plate

materials have effected a prime contribution and it is probably true to say
that a substantial part of the corrosion seen in modern heavy gauge aircrsft
structures commences at changes of sections and at countersinks. In highl y
stressed areas , with rows of steel fasteners in large countersinks, the bugbear
of exfoliation corrosion exacerbated by the dissimilar metal contact has been

- 
~- 4 a growing problem and again this is worse in some alloy tempers. Generally

those materials and temper conditions with the lowest resistance to stress
corrosion are also most susceptible to exfoliation and the improvements to
both conditions imparted by double ageing realments of the T76 variety are
to be desired wherever possible.

Unfor tunate ly  among aircraft currently in service there exists considerable
~~~ ‘~~~ material which is not in the most corrosion resistant condition in the f i rs t

instance following design requirements where maximum physical properties
were paramount , and we now have to live with this. It undoubtedly contributes
significantly to the present corrosion situation.

The subject of optimum alloy selection and temper is well covered in the
literature and there is no point in going into extended detail here but ample
opportunity exists for future equipment to show the advantages to be gained
by this means over those pertaining in the past if new designs can be produced
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in which the slightly lower maximum stress properties of the double aged
materials are acceptable.

The exfoliation problem is by no means confined only to the higher strength
4 - I T6 temper materials, some alloys in the naturally aged state , in heavy sections,

are also very ausceptible. As an example a recent  UK m a r i t i m e  a i rcraf t  with
long range and with an operating pattern covering both high and low level
operations over the sea has exhibited classic exfoliation corrosion in the
areas of access panels in the wing. Ihe material concerned is a ~~~~~ t ype
alloy in plate form solution treated , stretched and natura l ly  aged and also
in sheet form solution treated and naturally aged. The plate has relatively

- low resistance to exfoliation , the sheet is slightly better. The design of
I the joint involved is one in which extensive end grain is exposed, and

classical exfoliation has occurred. At build all the items were anodised ,
epoxy primed , and assembled with a molybdenum disulphide grease at the faying
surfaces as an anti-fretting measure. The incidence of corrosion to varying
degrees has been detected in over 50% of the fleet and has turned out to be
an exfoliation rather than a f re t t ing  problem. As a resul t the M 0S2 grease
has now been deleted and subst i tu ted by a chromate pigmented joint ing compound ,
with a final fillet seal of chromate pigmented elastomenic t ype polyurethane
applied at the narrow chamfer between wing skin and panel. On panels
s ignif icant ly  corroded a repair scheme involving a modified joint geometry has
had to be devised. As an addit ional  precaution water displacing fluid is
sprayed around the joint a f t e r  fl ight. Although cons t i tu t ing  some
maintenance penalty to the operator th i s  lat ter  is acceptable since the same
fluid is used in the engine wash/inhibition cycle also.

This s i tua t ion  is in no way atypical of similar arisings on othe r aircraft
t ypes and there can be few if any materials engineers who are not familiar
with the now classic condition of exfoliation corrosion commencing at

- countersunk fasteners and cut edges. Al though in the author’s experience:~ 1 these locations tend to figure highly  in the corrosion pattern they are by
no means the only locations of trouble. Laminar corrosion on occasion may
start in the centre of a panel or extrusion away from any apparent cha nge

L j of section. From a point of view of rectification this adds to the
d i f f i cu lty, — it frequently involves the scalping of controlled amounts of
metal from the area , and perhaps the ~bt t in g  of oversized fasteners. Clearly
there are severe limitations to what can be done in this respect ‘~ut many
examples have been seen where surprising amounts of material have been
removed in the effort to combat the problem. A further difficulty is fully
effective monitoring to ensure complete removal of exfoliating metal and at

I present it is extremely d i f f icu lt to be ioc~, certain that this has been
achieved. Lsproven’ents in the treatment of fastener/countersink areas are
an important requirement in future  equipment and a complete answer may be

I relative l y costly.
- 

Such treatments as ion vapour deposition of aluminium both on fasteners and on
I countersinks have been proposed and used to a limited degree. (5) Their

beneficial e f f ec t is readily demonstrated but the capital cost of plant is
I high if large components are to be treated.

(iii) Magnesium Alloys
l
~ - 

- Mag nesium as an a i rcraf t  structural material , in sheet form or thin plate , is
r generally a maintenance nightmare in aircraft operating close to or over the

sea . The extent  to which it has been used in the past part icularly in the
- helicopter role has contr ibuted in no small measure t o the extensive corrosion

- . bill of several Navies and Air Forces. Of necessity protective schemes
.
~~ 

,~1I for magnesium of a very high order have been developed and the condition has
• to nore degree been contained but at great cost and it is essentially a losing

battle , particularly with increasing aircraft lives. The performance of
- - ‘~~ I magnesium particularly exemplifies the difference in exposure conditions and

hence corrosion behaviour of aircraft operating primarily in the marine role
- ~~~~ 

compared to those used always in a benign and dry atmosphere .

Although the RN still operate helic pters wi th  consi derable amounts of
I magnesi um , it is British future policy to avoid its use unless supreme

overridi ng considerations leave no alternative. The attitude is not one of a
- total ban but the case for ado pt ion of the material  must be very good. The

benefits of ma~nelium alloys are well appreciated , — apart from intrinsic
good strength/weight , their castability, freedom from intergranular corrosion
and the ability to re ta in  good strength st medium operating temperatures ire
all beneficial and are taken into account when considering the material for
any spec i f ic  application.

r ~~ in -1 principal macne sius  is unacceptable in areas which are inaccessible for
examination and/or t reatment , and in general if accepted in any new design
it is ~ore l ike ly  to be in ‘o i l—washed’  areas such as internal gearboxea etc. ,
and then only in relatively massive form. 
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(iv) Ferrous Materials

With a few exceptions notably in undercarriages the current generation of
RN aircraft contain only very limited quantities of ultra high strength steels.
Generally protection of medium and high tensile steels has been by conventionally
deposited cadmium and latterly in some applications ion vapour deposited cadmium .
These have commonly been chromato passivated and painted and on the whole the
system has been reasonably satisfactory. Corrosion , and occasionally stream
corrosion does occur however and there is a continual requirement to ensure the
integrity of protective coatings and this is a steady commitment of effort as
indeed with other metals. There have been few catastrophic failures, and
where there has been experience of severe corrosion there is sometimes evidenc e
of imperfect  choice of protective method in the first place, possibly am a
result of lack of appreciation of the potential severity of the conditions in the
area concerned. Recently in two widely differing types of aircraft there have
been fatigue failures of main undercarriage components initiated from local
pitting. Also it is not uncommon to experience corrosion on internal surfaces
ostensibly out of direct contact with the operating environment and as an
example a problem of internal corrosion in tubular steel construction of tail
booms , engine mountings and drive shafts of Army light helicopters occurred a
year or two ago. This was directly attributable to poor standards of internal
protection and proved a costly exercise. A further example is given in the
review of came histories in a later paper.

Specific structural items , plated , painted , and well maintained , usually behave
reasonably well. This does not always extend however to the mult iplicity of
standard AGS parts, nuts, bolts, clips, fasteners, etc. where undoubtedly
plating thickness on occasions is marginal. There is an upper limit of
temperature for application of cadmium protection to oteels , and above about
200 C other methods are needed - I.V .D. aluminium has been mentione d , phosphate
treatments based on a manganese phosphate process have some use and there is
also current interest in UK in the use of electrophoretically applied paint
coatings containing metallic pigmentation and having sacrificial protective
capab i l i ty .  This is a promising area particularly for fasteners , for items

~~ 
of complex shape and where the temperatures involved do not permit  cadmium.
The material was f i rs t  developed for engine applications but clearly is not
limited to this use. There is currently a growing aversion to cadmium on
environmental grounds and this is an international problem. If it continues
with the present emphasis it is goi ng to mean that we shall have to f ind a
satisfactory substitute in the very near future. In UK there has been

‘I i considerat i on of the use of zinc as alternative to cadmium for the protection
of steels and certainly we used this during the wan. It is however less
satisfactory for use in saline environments and on commensurate thickness
basis as a sacrificial protective is consumed more rapidly than cadmium.
It is also unacceptable in certain specialimed locations where i t  is in contact
with aviation kerosine.

(v) Titanium Alloys

Relatively limited use ham been made of t i tanium alloys in current airframes
in RN Service, and where they have been used the 6 Al ~+Va alloy has been the
predominant material , aside from commercially pure titanium. From a corrosion

‘ standpoint we have had no serious problems , provided controlled handling, and
avoidance of critical contacts e.g. methanol, or cadmium plating in high surface
loaded areas etc., is ensured. In these applications the materials have almost
universally been room temperature opera ted , and this has not been a significant

-
~ 
. - corrosion area.

~~~ 
~~

- (vi) Palnt Protective Systems for Airframes

There has been one major step forward in the matter of airframe protection
in the past few years , and this has been the advent of primers based on

‘4 - epoxide resins with leachable chroaate pigmentation; in the op inion of the
author this has been one of the outstanding improvements in materials for
protection of aircraft since the war. The ability of a primer to release at a
controlled rate soluble chron~ate ions at the seat of a micro break and thus to
exert some inhibitive influence in the presence of an electrolyte is of
paramount importanc e , and modern polyamide cured epoxy primers of this kind

-: are now almost universally used in British aircraft. There is also widespread
agreement on the desirability wherever possible to give all components full
corrosion protection, including primer at the detail stage. ~t no time in

me .~~~! its subsequent life will a component be as clean , nor will its surface
pre-treatment ever again be in as good and ‘receptive ’ a condition am when
first produced and this is the best time to prime with a high duty system. (6)

In the laboratory which I represent we strongly favour the use of primers of
this type for application to all types of aluminium alloy, magnesium alloy,

- -
- * 1 and cadmium plated and paseivated steel. Parts should be in the fully

-~~
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f in ~ahed state and t 4 e  primer although normally and perfectly acceptably air
drying, is benef ic ia l ly  forced dried by low tempera ture  bak ing at 1?0~C.

I Drying t ime is shortened and subsequent handling without damage facilitated and
we have found no f in i sh  adhesion problems follo.~ing this practice.

Finished spares for military aircraft ~,hich are normally to be painted should
always be complete up to and including the primer stage as a part of original
manufacture. They should never be left in an - i --ised and temporarily protected
condi t ion  if this can be avoided. Full-- o n -  ~ i tems ens ure that  on asseribly
cr i t ical  interfaces are paint protecte~ ~rior to being costed wi th  inter—faying

I compounda.

The practice on assembly of ~14g jointing or inter-faying compounds has often
- been a vexed one from a production standpoint and is one of the areas where

differences have existed in the past between a i rc raf t  manufar m e d  in one country
and another. There is no doubt whatever that properly used the technique is
beneficial , hut it needs proper production control and the right choice of
materials to obtain the full benefits.

A fully protective primer and jointing system demands good adhesion over a sound
pre—treatment , leachabil i ty,  mechanical strength , chemical resistance , and
f l ex ib i l i t y , and the achievement of these is an essential prerequisite for the
first phase of a high standard of paint protection. Overcoating of this basic
primer system may require a variety of types of coating depending on specific
conditions — for example integral fuel tanks will need further protection and
a typical system involves a polysulphide or polyurethane material  possibly
overcosted with Buns . In tank coats the property of water resistance andI 

,~ 
resistance to microbiological corrosion is required.

On norma l external surfaces of aircraft however choice of one of a number of
finishes may be involved. For some years it has been standard practice in the
exterior finishing of RN aircraft to use a solvent acrylic finish over a
polyamide cured leachable chromate p igme nted primer. This acrylic finish was
originally used as par t of a heavy weigh t , all-wh ite anti-flash system and in

L practice the scheme , aside from its good reflectivity, gave very good corrosion
j  protection. The finish was subsequently developed in a range of standard

camouflage colours and for over ten years has been used on virtually all

L RN aircraft. (7) It has been singularly successful and possesses one outstanding
t ~ attribute in that it is easily and read i ly  str ipped from the primer without damage

using either Toluene or a n-.il~ mixed moi vent stri pper. (8) There are many
occasions when finish removal is needed , for changes of role or environment,

t alterations of camouflage etc., or merely for aesthetic refurbish rig. There
is of ten  no fundamental  need to remove primer down to bare metal , in fact the
reverse is often the case and in the opinion of th e author the use of aggressive
paint removers, acid catalysed or phenol modified , can oftey. leave a le~acy of
joint pollution adverse to t:~e adhesion and subsequent performance of repain ted

- coatings. This RN policy of using selectively strippable icrylic over leachable
chroriate epoxy primer has been relig iously followed wi th  generally sat isfactory
results on all the normal materials o~ airframe construction both internal and
external. It is a system which is now being adopte d by the Royal Air Force on
a substantial number af their aircraft. A part from certain soecialised anti—
erosion coatings, the RN have never employed polyurethane finishes although these
have been used by the Army and iAF in UK . RN objections have been on the grounds
of tox ic i t y ,  however low , and the fact that for Naval aircraft there is no
requirement for a high -loss. There is however the paramount R~ requirement for

, rea dy and effective selective stri pping on all aircraft but particularly on
helicopters where removal of paint ~ror mannesi- 

- surfaces wi iout damage to the
ori~ ina n chromate f i l m in impossible wi th  non selectively str~ ppable finishes
and whe e repainting ny overcoating would ~e objectionable on grounds of weight
additio n. Hence the original adoption of a selectively strippoble acrylic and
ts stead i ly  increanino we. ~he ac re -n e is economically attractive , overall

~~~ . coats and time involved of stri pping and refinimhing are significantly less than

& ‘4 total paint removal to bare metal and complete repainting. It is used on all
aircraft tynei- . both helicopter and fixed wing , and its Service performance has

- ~~. been very -nod. 2here -re very few li—itationa on its application , — it is
rlerfectly resistant to conventional ester L pe lubricants but it should be noted
th at -ic ry ~ ic f i n i sher  if th is  t ype ore not i-esiatant  to sp i l l -  -e of phosphat e

a ester type hydraulic fluid& Since theme latter are not in use i~ the 5 it is no
- -

- pr- -bier to us.

V .,~l 
A f irther example of its use - All  RN Phantom rad- ren are now finished in this

- 
mcheme — performance is very satisfactory, there is no adverse effect on radar
t r;Inr romency in the wavebands in which ‘~e are concerned and it is c i ’- nn~ e to

ii retoich advent it iou s in—ser vice do—n e. For ease of z-ework and tn c l - i p  in the
fiel d a nirm ple ache-n e of this m o r t  has better chance of success than one

I r drirr multiple packs m d  i ccurute m i x i n g  and this is an irno ortant  fac tor  of
local corrosion rectilicatior . in serv ile .

4 
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(vii) Geometri - Considerations - interior Surfaces

In the matter om a i r f rame corrosion there is always the need for c o n a l d e r i r , -
the c o n t r i b u t i o n  of geometry towards corrosion behaviour .

The production of ideal geometry of airframe design to mi nim i re  corrosion is
not easy. Certainly at the design mtage pocketing can be mm i nrimised by appr ir i t s
angling of s tr ingers and stiffeners and by provision 01 dra i aage holes. ~heae
lat ter , hor~e:e- , canno t inva r i ab ly  be s i ted  at the ideal point for n t r c t r- i l
strength r - m a as and whi l s t  a l l o w i n g  removal of bulk accumula t ions  the ‘resid~ al
trace ’ of cont an ’inant  can s t i l l  c o nst i t u t e  a p rob lem .  U n f o r t u n a t e l y hole e~~-eu
are not always the easiest things to protect , il-; are often z~m imm r p and p ain t
tends to be t h in  on such e -i ,~en .  ;Sr e4-Is  o f t e n  ex i s t  ~m e r e  h i~~l du ty  5 :4 - st er n a -iay
be necessary to cater for  i n t e rna l  drainage either of w ter  or other  c l r r , r  y e
f l u I d s  and such areas as b a t t e r y  spaces and ga l l ey  areas in t ranspor t  a i r c r a f t
need levels of protection commensurate with the nature and frequency of spillage
of the corroding medium. Very often in these areas there may be a requi rement
for both erosion and corrosion protection but where the for cer is needed it also
requires a very high level of corrosion inh ib i t ion  f i rst .  Some high d u t y  nylon
coatings are valuable erosion resistant protectives .

Internal surfaces of ‘closed’ box sections can be problematic and slush or fill
and drain techniques whilst hel ping are not easy to control to ensure perfect
coverage in complex assemblies. Generally electrophoretic painting has not been
used in UK in a i rcraf t  construct ion to date for f a i r l y obvious reasons, but therer may be specialist applications of this method in the future.

There has been some recent stu dy in UK of the preservation of internal surfaces
of ‘box ’ or closed sections, and where these are totally fabricated from sub-
components priming at the detail stage can best meet the case. This does not

V appl y to tubular welded construction however and there are on record examples of

L 

serious corrosion arisings in such structures. Various techniques may be used
either in lieu of, or in addition to painting, and modern water displacing fluids
followed by wax—thickened petroleum based preservatives are giving good pro tec t ion
in such areas. It may well be that in other areas where drain holes are located

fr as part of the des ign , the judicious coating of the area internally in the vic in i ty
of the hole wi th  such a supplementary protecti n would go far to e l i m i n a t e  corrosion
due to residual traces of non-drainable fluid.

( vii i )  The Use of Temporary or Supplementary Preservatives in Aircraft

For several years the Fleet Air Arm of the Royal Navy has been the largest user
of high duty  water displacing fluids of any of the three Services , and as a
palliative for corrosion where salt water is involved their use has been invaluable.j (9) (10) It is true to  say tha t one eanliar mark of helicopter (a magnesium
balloon on the end of a windmi l lL)  Was only able to be retained in service by the
judicious but extensive use of regular libations of water displacing fluids over
the total exterior, and parts of the interior of the structure.

Water displacing fluids have been aveilable for many years, but the higher duty
materials which both displace water effectively and confer some subsequent
corrosion protection to exposed metal surfaces are of more recent origin. It is
standard practice to use these materials on a wide range of mechanisms and
equipient both moving and static and with RN helicopters at sea, water displacing
fluids are regularly used for overall w i t i ng  dc~wn after aircraft washing following

— severe over-water operation.

Their use in this context is surprisingly economical , volumes consumed per aircraf t
are not large and the bene f i t s  to be obtaine d are substantial. It is necessary

~~~ however to emphasise to the maintainers that sparing applicat ion is all that is
• necessary and to dispel the o f t en  held belief that  the benef i t  obtained is

‘
~~~~ proportional to the amount used.

Modern materiale have the virtue of displacing sal t water as well as fresh without
‘salting—out’. These fluids however are essentially ‘supplementary ’ preservatives
and in our philosophy are used to support what should be an intrinsically good

a protective system in i t ia l ly  — their primary action is to dispel residual moisture,
C saline or otherwise , from crevices , d i scont inu i t iem etc . where the problem of ten

starts. The heavier weight wax thickened , petroleum based preservatives which do
- 

- possess some intrinsic water displacing capabilities albeit less effective than
the sore mobile fluids are being used in some specific locations am more permanent
protectives par t icular ly on internal surfaces in areas of infrequent  access.

:
• 

~
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~~~~~~ CORROSION CONSIDERATIONS

The gas turbine , operating in a corrosive environment , is prone to corrosion both externally and
4 

— internally, on both static and dynamic components.

Apart from basic requirements for engines and associated components to be fully protected , UK
Design and Procurement apecifications for engines lay down mandatory requirements for two major
series of malt ingestion teats to determine the corrosion behaviour of all new engine types. ( i i )

These cover static periods of exposure af ter  sal t water spraying and ingestion with copious sal t
water residual in the engine , and running tests involvi ng measured ingestion of salt water and the
effect on performance, and restored performance after washing. Finally the strip condition of
all components after  both tests is determined.

Such testing, whilst severe and searching, is a compromise in time and can onl y really cover the
relatively short t - rm effect. Tests are usually performed on engines of a new build standard
when any protcctioi. on surfaces is fresh and relatively unaffected by the rmal excursions , erosion
etc. They cannot simulate t he long term ef fec ts  of Continual usage over many hundreds of hours
when erosion , or thermal shocking of protective coatings and changes in hot component conditions
have taken place due to deposits, oxide films , dis tortion etc.

Whilst much can be done therefore to ensure that initial standards of protection have good integri ty ,
shor t term testing gives limited information on long life performance under the actual conditions of
operation. Laboratory testing of individual components or coupon test pieces helps to complete the
picture but in the ultimate, endurance testing and Service performance is the final arbiter.

Modern engines inevitably contain a multiplicity of dissimilar metals in contact not all of which - 
-

have high intrinsic corrosion resistance under all conditions of operation. At one time standards
of protection in military engines were significantly lower than currently applies and under marine
conditions both internal and external corrosion was commonplace — often resulting in premature

~~~ removal from service. The writer has seen many more than mingle figure instances of perforated
compressor casings, burst cooling air manifolds, failed blades from corrosion pi ts, and corrosion
‘frozen’ stator segmentm which could not be removed from stator slots without dan age. The
si tuation has undoubtedl y improved , particularly when it is remembered that the present day
overhaul lives are longer compared with those pertaining 10 - 15 years ago , and this is a product
both of improvements in material selection and protection, and vastly improved in-service
maintenance in particular in the matter of compressor washing and inhibition.

The use of materials with intrinsically good corrosion resistance is am important in the engine
context as the airframe. We still have some engines in use with magnesium slloy compressor
outer casings , but the high cost of protection and disproportionate effort needed to control
corrosion has led to their elimination from new designs. In current engines, steels of the 1+10,
A11355 and FV 520 variety figure largely in the air washed areas of engines. The classic 1~~
Chromium type sartensitic stainless steel has been used for rotor and stator blading for many
years in a variety of engines , and under relatively ‘ordinary’ condit ions of exposure gives good
service for long periods. However its susceptibili ty to pi t t ing  corrosion in a saline
atmosphere is well known , particularly under conditions of relatively low access of atmospheric
oxygen such as may exist under a deposit or a salt incrustation. Corrosion of blading , discs

~tc. in this class of steel has in the past caused enormous cost on overhaul of engines worl d
wide , and the prevailing logistics of blade and vane rejection are still far from acceptable.

There are innumerable examples in most people’s experience of the type of corrosion-induced
failure in which fatigue cracking from pits in type 1+10 stainless has occurred. The problem
may largely be overcome by changing to a much more highl y alloyed material e.g. Inco 718 but
with the attendant large increase in f i rst cost , or i t  may be alleviated by coating the l~~ c Cr
t ype steels with either a paint coating or a diffusion or overlay coating having sacrificial

- - capability.

Paint coatings of various t ypes but mostly of the epoxy-silicone var ie ty  found favour at one
time as blade protectivem and are still un-ed to some extent. These are variously pigmented ,
and are sometimes fort i f ied wi th  aluminium pigmentation as an aid to thermal stability at the
hotter  end. Such coatings are not sacr i f ic ia l  and rely essentially on their con t inu i ty
and barrier characteristics. On relat ively short overhaul lives they confer  some degree

- - 
of protection and in a non-metallic pigmented form used in low pressure compressor stages they

,S..m give smooth coatings with low impediment to gas flow , and are relatively easy to clean during
compressor washing. Such coatings are still in service but they suffer the problem of all
normal paint  coatings on tight tolerance surfaces and on i-harp edges of having either
inadequate thickness to protect e f f ec t ive ly ,  or being unable to  be used at all for dimensional
reasons , and with longer engine lives erosion performance is inadequate.

Alternative types of protective coating have improved and continue to do so and the present
situation on t ype 1+10 stainless steel protection falls ma inl y into two categories v im .

- 
- ‘paint’ or ‘overlay’ t ype coatings using aqueous based aluminium filled ceramic type

formulations which with suitable post—application heat treatment and/or burnishing produce thin -

- 
- - and , allegedly, sacrificial protection , and diffusion type coatings , produced at lowe r

tempe ratures tha n conventional pack aluminising and r esu l t ing  in an aluminide layer which is
subsequently sealed using a very thin fumed inorganic seal. It is claimed tha t theme
coatings are sacrificial at microdiscontinuities but this is not universally acknowledged.

• 
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The superior protective value of these coatings unc~er ASTh B117 salt spray condi t ions compared
to previously employed painu coatings is beyond question and there is a large and growi ng volume
of operational experience to support this. As to the absolute merits  of the two t ypes, we have
as yet no direct RN operating experience of the d i f fus ion  type coatings , but on RAF Service engines
operating under severe exposure condit ions the merits of the aluminium f i l led ceramic ‘pa int ’ have
been well borne out and coatings of this kind are now being adopted in some new RN engines. (12)

The d i f fus ion  type coati ngs have several very special merits - their ease of appl icat ion to complex
shapes and in blade slots , screw threads and areas very d i f f i cu l t  of access to paint make them
attractive , and recent examples whicn have been seen on helicopter engines operated far two years
under marine conditions in the Baltic have shown excellent performance.

There is thus potentially, and in practice on some newer engines , considerable improvement in
compressor corrosion performance largely as a result of up to date coatings , and on an economic
note they are generally substantially cheaper to introduce than changing to a much more highly
afloyed material . Obviously operational experience under severe conditions will prove the point
in individiual cases but the performa nce of therse coatings on existing engines has already largel y
done this and their increased adoption is justif ied on most ferritic t ype alloys in a i r  washed
spaces of the engine and on shafts, discs casings etc.

As an aside , the testing of coa tings of this type to reproduce realistically the type of
deterioration experienced in practice presents some problems.

One approach in UK in laboratory testing coatings of this sort is to use not onl y the conventional
elevated temperature salt spray but also a ‘ ten cycle corrosion test” . (13) This consists of
exposing the test panel or component to dry heat at 1+50 C for two hours followed by exposure far

4 22 hours to continuous room temperature salt spray.

This cycle is repeated ten t imes sad the component then examined. It has proved particularly
searching, certainly more so than straight sal t spray exposure , and generally the results have

• 
been reasonably analagous with prac tice.

Concerning ti tanium alloys in compressor areas , the bulk of RN experience has been with the
6 Al 4 Va alloy. We have been well aware of the extensive laboratory work done on hot salt
stress corrosion cracking of Titanium alloys, but to the author’s knowledge have never experienc-
a failure of this t ype in Service. There have been many years of operation of engines with
titanium alloy blading in a number of stages in the conpressor, and certainly some sections of
these have regularly been functioni ng in temperatures well over 250 C and in conditions where
sal t ingestion has been of such severity am to cause severe pitting corrosion of 1~~ chromium
steels in the same engine ,but in no case have we had corrosion failures in titanium.

From the user ’s point of view the minimising of internal corrosion in engines operating over the
sea is largely a matter of compressor washing and there is no doubt that this is a routine which
needs met iculous and thorough application to be effective. Poor or slipshod operation can be
positively dangerous since salt residues are washed into crevices from which, once dried , they
may then be less easy to remove.

In severe operating conditions daily compressor washing may be necessary both for restorat ion of
power lost from salt deposit accretion, and for corrosion amelioration.

• Washing treatments vary depending on the t ype of fouling - for removal of salt, fresh water
injected at a fairly high r—te is effective , but if deposits are sooty or oily some form of

4

- 
detergent wash may be needed. The use of these latter materials does not always find favour
with the manufacturers of some sealed-type d i f f u s i o n  coatings.

C
-• 

In the matter of hot end corrosion the literature is rich with information on the deterioration
of turbine blade alloys under severe chloride ingestion and in the presence of sulphur ,either
from the fuel or as a component of sea water. As noted by the Lecture Series Director, this is
a sal or field of its owii and it is not proposed to discuss the mechanism of hot end corrosion

• here. In any event Experimenters do not always agree on the various mechanisms which have bees
proposed. Many hot end corrosion effects are markedly temperature dependent , the effect of
sulphates on both austenitic and ferri t ic steels is much more severe above 7~O~C and if
any reducing conditions are present the attack can be exceptionally severe. The addeo presence
of small amount. of chloride can produce volatile Cr Cl3 which destroys the protective oxide
layer and allows further reaction with sulphates to occur.

Cont rol of hot end corrosion has been steadil y improved by alloy development , and by blade
C 

- coatings of both the diffusion and overlay type. The most commonly used coatings have been
C aluminised layers deposited by pack deposition, and essentially on n kel based alloys these

co nsist of varyinr composition layers down to the matrix. Present RN operating experience
on exist ing in-service engine types is conf ine d to the straight pack—aluminised type coat ings
al though there is growing development experience with chrome alunminised and the so called
CoCrA1Y type coating8 particularly for marine gas turbine use.

The range of coatings is wide — current work on Pt-Al coatings is reputed to indicsle some
promise a l though the precise mechanism of protection is not ent irely clear , and aluminium - 

4
silicon coatings have been used proprietorally on sc-me engines.

1+
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There is no doubt that  thia is an area where current coa t in g  development will have important effects
on the long tern performance of hot-end com poneota and to some extent this is being stimulated also
by the need for  coati ng~ fo r engines of the marine gas turbine t ype where temperatures are lower ,
and hence creep lives subc.antially longer but by definition exposure to a corrosive environment is
also much longer. It is nut easy to see the next logical step of progression but improved c~at ing
technology is of profound importance in controlling corrosion particularly as life extension of
engines is achieved.

A IRCRAYI’ i~ UI~1lENT

It was originally intended that this section of the paper should deel wi th  corrosion deterioration
in electronics but in this I have only very limited experience and I cannot comment critically.
It is hoped that the discussion may have a contribution to reek, on this aspect. Much electronic
equipment is of the sealed var ie ty ,  and in the past corrosion was sometimes derived from conditions
ex i s ti r -4g within the boundary of the seal. The t ype of attack associated wi th  the evolution of
corrosive vapo urs from imperf ec t ly ,  or newly cured organics, and often attributed to aldehydes or
lower f a t t y  acids is now rarel y seen , although examples do occasionally arise. Corrosion due to
phenol , formaldehyde , formic or acetic acids derived from glues or some types of timber has been
drastically reduced largely due to a better understanding of the subject and to changes in
packaging methods and standards. Firm instructions on the avoidance of t his type of problem were
promulgated in UK some years ago and this aeems to be atm action which has borne fruit. (14)

~he field of aircraft electrics however is one in which a plethora of dissimilar metals in contact
exists, often with limited subsequent protection. Whether the design assumption, is that a
component buried within the aircraft interior has greater immunity is not known but if so it is an
unwise philosophy particularly in marine operations.

An exampl. which may be of interest is a fuel tank capacitor unit which in one squadron of eight
aircraft was exhibiting corrosion in seven cases. The item showed very severe corrosion on the
base plate which was made in aluminium alloy 6o6i in the T6 condition and this had been electroplated
with copper presumably af ter  pre—treatment and then given a moderately thick tin coating, — by what
means was not known to us. The object was to permit attachment of the terminal box by soft
soldering - easy workshop practice but in th4’ event of a breakdown in the coating in the presence

f of an electrolyte the probability of corrorian occurrin~, in service was high. TLis wae on an
aircraft t ype in ~se in both RN and RAF — all the RN aircraft had been carrier borne and all
showed the trouble , none of the RAF aircraft bad any corrosion at that time. Palliative action

• , was d i f f i c u l t  because of the extent of corrosion and really what was needed was a redesign of the
part to el iminate the severe galvanic couple.

Pl ugs , sockets , te rminals, swi tches have often shown corrosion in Service , some times to the extent
of p ermi t t in g  tracking. A case occurred some t ime ago of corrosion arising on bu t t  type contacts

• - in a relay which controlled one section of a fue l transfer circuit in a f igh te r  aircraft .  There
were several instances of failure to transfer and one aircraft loss could conceivably have been due
to this cause. The relay was an enclosed type but  not f u l l y  sealed; under tropical conditions
ingress of moisture vapour with subsequent condensation and corrosion occurred, and finally
electrical malfunct’on .

It may well be that corrosion is a greater contributory factor to some electrical or electronic
hiccups than is presently realised. For example the degree of a ttack necessary to materially
change contact resistance may be very slight - modern use of precious metal pins , con tacts etc. ,
obviously militates against this  but not all electrical connections are so made. \lleviation
of corrosion on certain older t ypes of open contacta has been achieved under Service conditions

4 by the judicious use of water displacing fluids and these have been particularly val uabl e in high
temperature high humidi ty  situations where superficial  corrosion or traces of moisture was
suf f ic ien t  to cause intermit tent  malfunction. The purists tended to condemn the use of such
fluids contending tha t the residual organic f i lm , albeit thin and physically weak , increased the

- . contact resistance. Compared to a clinically clean contact , new , dry and without tarnish , this

~~ is certainly so , but in practical terms the contact resistance was and remained substantially
- - - lower than that attributable to a thin layer of corrosion product after  a period of exposure to

the aggressive environment. Work is in hand in UK to formulate a special f lu id  for such
-

~~~ electrical contact work and this should be completed fairly soon.

Over the years instances have arisen of corrosion in electric cables and at term ina l ends
• associated wi th  the ingress of water by capillarity. The extensive use of sealing materials

and water displacing fluids has controlled this to a large degree and present instances are
not anywhere as frequent aa previously.

C

One aspect of ‘sealed’ equipment in which corrosion has played a part has been in major items
which for some reason (not necessarily .~orrosion) have become unserviceable in use and after
opening for examina t ion  hsve been returned through normal logistics channels for repair. The
seal being broken , ingress of moiature in the vapour phase has e°curred and after  receipt at
some later (of ten much later) dste in a repair base , corrosion has produced a much deteriorated
internal condition. Usually such equipment is not protected on inner components to resist
this type  of treatment end it is hardly realisfi0 to demand that it should be. On the other
hand in an adverse suppl y si tua t ion  it may be necessary to attempt in—field rectification if
at all possible, and the corrosion implications of doing this need to be well appreciated.
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In some items of a i rcraf t  safety equipment there have been e xantplee of alarost total disregard for
the fundamentals ot good anti-corrosion practice presumably on the as~uaption that ‘Jer y detailed ,
frequent and of ten  protracted in-service maintena u~ e action can be taken - an example is detailed
later in the paper on Case Histories. Such instances may require retrospective Service

- . mc-4ification action often after costly in-service experience and they exesplify the need for
manufacturers of all types of aircraft equipment to study the coadition..3 in detail before finally
committ ing the design.

The f ield of aircraft equipment is replete wi th examples of corrosion and corrosion induced
cracking, another example to be illumtr~,ed concerns the use of a helicopter tail rotor blade with
a ‘wedge ’ fo rm root of unprotected stainless steel , f i t t ing into a forged aluminium alloy hub
ext ension arm of ‘claw ’ fora. No jo in t ing  and no protection existed between the abutt ing faces
and the aircraft regularly operated in a very severe environment. Sxamples of corrosion at the
interface were legion and examples of propagating fatigue cracks from corrosion pita were
experienced.

Again in an ent irely d i f ferent  context a t ype of flexible hydraulic hose in the braking syetem of
a fixed wing carrier borne aircraft and a similar hose at a wing fold in another aircraft type
were involved in repeated fai lures  due to the fact tha t the steel braided reinforcing within the
hose was covered by an outer covering which was permeable to moisture . Local corrosion of the
steel braiding occurred under sal t spray contam ination and burst noses resulted wi th  consequent
damage and coat. The design involved fa i r ’ y tight bends and the hose selected was regarded as
being the best to fulfil the requirements. In effect the palliative action prtor to eventually
changing the t ype of hose was to treat existing new stocks by f i t t in g  an outer layer of heat
shrinkable neoprene tubing and sealing this to the short metal end sleeves using a co-incidentally
heat cured epoxy-phenolic adhesive.

The treatment was entirely successful.

Corrosion Monitoring

Aside from considerations of minimiaing the effects of corrosion by material selection and
enhanced protection , the early identif icat ion of the ef fec ts  of corroa~ on in Service can be
profoundly affected by really ef f ic ien t  corrosion monitor ir,~ . Techniques have materially

P~. 
- 

improved over toe years , and these cover both amounts of corrosion occurring and also rate of
J corrosive a t tack.  A review of techniques and applications currently in use has recently been

r made (15), and areas highlighted where improved methods are desirable. The subject is a wide
one and assessments of the cost effectiveness of the more sophisticated methods, and the r
app l i cab i l i ty  under operating conditions needs to be made. There is clear indicat ion tn ~ t
improved methods of monitoring in some areas can profitably give earlier warning of the onset

‘,, of deterioration of corrosion than that obtained by the common use of the Mk I eyeball, although
the effectiveneLs of the latter where it can be applied should not be underestimated particularly

~hen backed wi th  knowledge and experience.

C~~4CLUSI~~4 - BRIEF THOUGHTS C~ THE WAY A}{EAD

Although this paper has been concerned with past problem.- and existing deficiencies it is right
to state that at present there seems to be a growing appreciation in many quarters of the need
to deal with the corrosion problem with much more determination t han hitherto. I- this respect
user experience is dictating increaaed pressure by procurement agencies on suppliers, and ,ithin
some manufacturers there is very clear anxiety and effort to attack the problem anew. However
there at~ il remains much to be done, and a relat ively higher pr ior i ty  for anti—corrosion
performance in the design considerations of new equipment could pro f i t ab ly  be a f forded  t h a n  has
sometimes applied in the past. 

-

In UK we have very recently rewritten the section of the basic design requirement manual for
aircraft which deals with corrosion prevention (16), and in the opinion of the author th is
needs to be implemented wi th  the utmost possible vigour. The whole approach to the problem has
to be raised to a new level of awareness and action.

That this Ia also bei ng done elsewhere is exemplified by the present USAF Corrosion Prevention
and Control Programm e  (17) and it is, I suggest, the professional prerogative of the materials
engineer continually to press - sometimes against opposition - in support of the need continually

~~ to upgrade the end product. This means in addition to having the right standards defined on
.c~

.. paper, the actual achieved quality in line with the design intentions.

Corrosion is everybody’s and nobody ’s business - everyone concerned with design, and product ion
C standards is tacitly expected to appreciate the need to apply anti-corrosion measures and to

- C 
- know precisely how to do it to the best effect, but regrettably in some organisationa there is

no one person or group with a primary remp~risibility for scrutinising all new demigns and
projects to see that from the corrosion angle the best possible line of approach has been
selected. Training, feed back of information , publicity, are all involved.

For any assurance of success it is necessary to have an integrated Corrosion Control Plan based
on a clear objective and involving the actua l operating customer (not just the procurement

P - agencies), design , manufacture , qual i ty  assura nce etc . and this will need to embrace
-

-
I • contractual considerations of f i r s t  costs and the i r  u l t ima te  eventua l  savings in cost of
~~~~~~ ownership. Involvement right down the line of main and sub—contractora is essential and the

responsibility does not end at the finished dart. I~ —aervire monitorin g both by operator

1.
.,
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and manufacturer and an ability and willingness to profi t early by amy adverse arxsi r~ o ure

k 
required.

Fina l ly,  corrosion defects are only another factor in the equations concerning re iaLi i~ t ; and
aircraft availability. A recent UK paper by a naval aircraft engineering officer (18) makes
the cogent point ‘it is worth reminding ourselves that both reliability and naintainability can

4 be the enemies of performance and that to opt out of tam- race for ierf~ r i ~- c s  is a certain
recipe for failur e especially in a f i ght ing service ’ .

However , improved corrosion prevention is not necessarily ~ynooynous w i t h  adm it~ onr~l wei ght or
- adverse effta t on performance. What we are striving for is greater criticality in Belection

~ f materials end methods in the f i r s t  place combined with immaculate application of protective
techniq ues at the time of initial build. Only a wholesale involvement of all concerned and a

- conviction that it is both essential and worthwhile will effect any lasting improvement on the
- s i tua t ion .
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CORROSION PREVENTION TECHNIQUES, MAINTENANCE Ah-O REPAIR
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SUMMARY

It is shown which possibilities edst to increase the corrosion resistance of aircraft structures ,ma inl y

involving aluminium alloys. Considered are: material  selection and its treatment , app lication of sui table

aurface protect ions , and appropriate procedures durIng assembly. Other materials , such as titanium

and steel are also taken into consideration. Special attention is drawn to those problem s which arise

during assemb l y and resul t from incompatibility of protective coatings with structural materials or

fasteners.

Fur thermore, a short description of a procedure is given which is also used to determine inspection

intervals taking corrosive influence Into account.

As corrosion—preventive coatings on surfaces and fasteners are easily damaged simple and insacpensive

repair methods obtain great significance in practice. Finally , It Is dealt with methods which are common

practice in today ’s aircraft maintenance to repair or repl ace cor ros ion—preven t ive  coatings.

1 . INTRODUCTION 
. -

in aviation , damage by corrosion is classified as damage that occurs regularly In spite of surface

protection. Particularly on aircraft with a long service life corrosion may often necessitate the re—
placement of structural components the calculated life of which , as based on dynamic stress , for in—
stance has not yet e~~ired.

r I The frequency of corrosion damage to aircraft may be due to the following facts:

— The customer or user’ does not always clearly indicate the importance of corrosion prevention.
Effective corrosion prevention measures are either given insufficient attention in the developmen t

phase or are later deleted for economical considerations, unless increased prevention efforts have

been specifically required. :1
— It is not always possible to predict the degree of corrosiveness that will occur n practica l use,

because it depends, inter alia , on the maintenance performed.

A great disadvantage is the fact that it Is so far impossible to reasonably simulate long term practical
corrosion by short term corrosion tests.

— Suitable design from the corrosion point of view is not always possible.

— Damage to protective coatings during operation cannot be avoided.

- :. The many parameters upon which corrosion processes depend and which are not a lways  ful ly recognised
as well as the above mentioned points show that It will hardly be possible to fully prevent corrosion on
aircraft structures. The purpose of th i s  paper , however , is to indicate how corrosion damage can be
kept within acceptable limits.

2. CORROSION PREVENTION
- -

The corrosion behaviour of aircraft  depends on their structural desi gn as we l l  as their later use and
the maintenance conditions. First of all , mention should be made of those aspects and/or measures
which are of essent ia l  importance from the conclusion of the contract of a project to the end of it s
development phase, Corrosion preventive measures may be roughly broken down into two groups~
corrosion prevention by specification and corrosion prevention by engineering.

:~ 
2. 1 CORROSION PREVENTION BY SPECIFICATION

The init ial steps for later avoidance of continual corrosion problems on aircraft structur es shall

already be taken at the time of awarding of the developmer’ contract, it Is of great importance that

4 

the customer or the future user clearly Indicates , In the development contract , the- corrosion re-

sistance required for the type of aircraft  to be developed, i.e. whethrr a small  or great corrosion

• prevention effort should be planned for. The customer should also indicate , If possible , the main

corrosive environment anticipated for the later use of the aircraft.
1, 
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MIL—STD—1 568 (1)  gIves an example of how an adequate corrosion resistance could be achieved. In ad—
dillon to an organization that ( ‘)uld be cal led “Corrosion Management” this standard requires the estab-
lishments of a corrosion control plan, It also contains detai ls of p ro tec t i ve  treatments to be used.

In Germany a speci f icat ion Is being prepared which also describes measures to be taken to ensure the
ser v i ce  life of , l ,- f t - nc ,- material . In this spec ification life limiting factors are not restr icted to dynamic
st ress ing but include also corrosion, age ing and the effect of wear. The need for such a specification
resulted from the great number of cJ~ mages to defence mater ial wh ich had occured during long usage and
which had, to some extend, been caused by corrosion , leading to considerable downtlmes for
main tenanc&-.

It is hoped that such specif ications w i l l  require corrosion resistance to be made not “as poor as
admissible ” but “as good as J ust i fied in consideration of economical aspects (taking Into account
ma intenance and repair work)’~. - -

2 . 2  CORROSION PREVENT ION BY ENGINEERING

Later corrosion behaviour of aircraft  structural components , in so far as It can be influenced by
des ign measures , is uasica l ly  governed by the fol lowing factors:

— Selection of proper material  and/or use of
favour 3ble material combinations

— Appropriate design V
— Selection of proper protective treatment

A disadvan tage which every engineer in the corrosion prevention field has to accept is the lack of a - -

reasonable method which permits to predict the future in—use corrosion behaviour of components on
the bas i s  of shor t term labo ra tory tes ts. Owing to the various parameters by which corrosion pro—

I J ceases are affec ted , the applicability of the test results to realistic environmental conditions is often - -
doubtful. When det e r m i n i ng measures of corrosion prevention, It Is essential to consider the exist ing -
prac t i ca l  exoerience.

Practical experience is available on, e.g. those points or areas of airc raft  structures on which, in
general , corrosion is most frequently found (2, 3). These are as follows:

— Engine intakes and cooling air vents

— Landing gear locations and wheels

— Skin seams and fastener holes

— Exhaust areas

— Recesses at folds , flap s and h inges

— Bilges and water entrapment areas -

— Battery bays 
I

-

- Integral fuel tanks

- - Additional critical areas are rocket and gun blast areas on fighter aircraft and particularl y toilet and
g .,~~~ ga lley areas on commercial a i rcraf t .  Corrosion prevention in these areas requires special attention.

In addition to the special  consideration to be given to the structural area af fe ct ed by corrosion, the
type of corrosion is also a major factor for determining any corrosion prevention measures.- ç
The following types of corrosion are generally found on aircraft structures:

TYPE.3 OF CORROSION

- - Surface corrosion
Crevice corrosion
Dissimi lar  meta l  corros ion

W Pitting corrosion
Filiform corrosion
Ir~tergranu !ar corrosion
Exfoliation corrosion
Frett ing corrosion

~~~~ Stress corros ion
Corrosion fa t igue

• MicrobIolog Ical corrosion

1,

1.
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Since the typical appearance of these types of (orrosion has been satisfactorily descrIbed In the
‘ relevant Hterature, e.g. (2, 3) , there is no need for  giving details in this paper.

The corrosIon behaviour can be Influenced by the combined effec t of materIal selection , protective

treatment and design , as mentioned above. The aspects to be considered are briefly described in the
following sub-paragraphs.

2.2.1 MATERIAL SELECTION

The susceptibility to stress corrosion, exfoliation corrosion , intergranular corrosion, dissimilar
me tal corrosion, pitting corrosion and surface corrosion can in many cases be reduced by the selection
of suitable n~aterI Is .

Basically, the corrosion resistance of mater ials should be judged under consideration of the answers
to the following questiom :

— Which types of corrosion has practical experience shown
the material to be susceptible to? What experience has been
gained during use?

— What are the possibil i t ies of effectively protecting the
mater ial surface from corrosion ?

— Is there any Incompatibility with other contacting mater ia ls?

— Has the current “corrosion prevention to the rules” proved . -

to be adequate ?

It should be further’ borne in mind that the resistance of a material to specific types of corrosion may
also depend on the following factors:

— Alloying constituents and heat—treated condition.

— Manufacture of semifinished stock and fabrication of the
final part. Manufacturing processes (e. g. heating) could
have an essential effect.

— Type, magn itude and direction of stress.
p

Some hints for the selection of alloys are given in the following sub-paragraphs for the three main
structural materials aluminium , titanium and steel used in aircraft manufacture.

2.2. 1 • 1 ALUMINIUM ALLOYS

Aluminium alloys are susceptible to surface , pitting and intergranular corrosion and also to stress
¶ corrosion. First three types can, however , be controlled by metal cladding or other protective treat—

- 
- ments (see para. 2,2.3), On the other hand, exfoliation corrosion and stress corrosion frequently

originate at countersinks and dril led holes , i.e. in places where the protective coating is interrupted.
Until recently, particularly the two latter types of corrosion caused diff iculties on aluminium alloys of
the 7XXX series in the T6 temper , but these have been overcome now by applying different tempers .

- . With due consideration of al l  types of corrosion appearing on aluminium al loys and particularly in view
of the good resistance of these al loys to exfoliation corrosion or stress corrosion the high strength
aluminium alloys shown in table 1 are recommended for use in the tempers specified.

ALLOY TEMPER

Recommended 2124 
~

- 4.,l for sheets
.1 2 2 1 9  i ~o weldable A l l  ar t if ic ia l ly  aged

Recommended 
2024 ~- 

- for p l a tes
2014 I

0= Recommended
for bars  and 7075 I T76XX , T736XX, T73XX

.~ 
~ extrusions 

7175 T76XX, T736XX, T73XX
4~~ Recommended

7475 1 1 T76XX T73X) <

~~

i for forgings
7049 T76XX, T73XX

7050 I ‘~ T76XX, T?36XX, T73XX

Table I MOST SUIT-~~ LE ‘,LL1~ l N l U r~- . ALLOYC F1-0t-l Tl -~~ CORROSION POINT OF
Vl E ~.I (ESPECIALLY E><FOLITATION CORROSION AND STRESS CORROSION) -

~~~~~~~~~~~~~~~~~~~~~~~ -~iT_ i~~i ~~~~~~~~~~~ 
_ _ _



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~
r i  ~~~~~~~~~~~~~

It Is suggested that these alloys be, in any case , ‘ise d in the artifi cially aged temper. Ver a good re-
sistance to exfoliation and stress corrosion is afforded by the alloys of the 7XXX series in the T73XX
t e m p e r. This temper is often considered excessively overaged. It is claimed that the stress corrosion

— ‘ resistance requirements had unnecessaril y been made too severe resulting in a loss of strength, The
current trend is for less overaging, as for Instance the 7050 alloy in the T736XX temper.

The 2024 T3 (naturall y aged) and 7075 T6 alloys should be mentioned separately. The 2024 T3XX alloy
is at pre~o-nt successfully used on a large scale not only for sheets but also for plates and bars on
transport ar,d subsonic fighter aircraft. Thoir corrosion behaviour (particularly lntercrysta lline and
exfo l iation corrosion), however , is c losely dependent an the quenching rate after solution heat t reat— 

-
ment and on intermediate heating to a temperature range between 1000 C and 1 500 C or on hc’at lng to
t emperatures between i70° C and iOO° C of insufficient duration.

Plates in the T351 condition have a poorer stress corrosion behaviour In the decisive ST direction
than art i f ic ial ly aged p lates of comparable thicknesses. Also , too low a coo ling rate w i l l  Increase the
suscept ibi l i ty to exfoliation (this risk exists , e.g. on plates w ith thicknesses > 50 mm). However , such
r isk does not exist for sheets. Nevertheless , ow ing to the negative effect on intercrystal l lne corrosion
behav iour , this al loy should not be used for sheets if heating to the above men t ioned tempera ture  ranges
may be expected , e.g. during Mach 2 f l ights or during bonding processes In the manufacture .

The al loys 7079, 7178 and 2020 should not be used anymore. Plates in the 7075 T6 alloy are s t i l l  being
used in som e cases for components subjected to pressure (such as the upper surface of the wing). The
current trend, however , is to use this al loy for the above mentioned applications in the T76 temper
because of its better resistance to exfoliation corrosion.

— Metal clad sheets in the 7075 T6 al loy are s t i l l  being used for the fuselage skin of modern fighter air—
cra ft . There are no objections to their use, provided their thickness does not exceed 2 ,5 mm.

2.2.1.2 IITANIUM ALLOYS
h _ f

Ow ing to their great affinity for oxygen, titanium alloys produce a strongly adhering oxide layer which
resu lts in a good overall corrosion resistance of the titanium alloys. Titanium al loys may cause prob—
lems by Stress corrosion In conjunction w ith sea water  and by hot salt corrosion at temperatures abov e
2500 C. The lat ter phenomenon is of certain Importance in engine manufacture. Table 2 shows th~ be-
haviour of various titanium a l loys  wi th respect to - 

~ress corros ion and hot sal t  corrosion.

ALLOY s-TRESS CORROSION HOT SALT CORROSION

Ti6AI4V (most important
titanium alloy Good Good up to 300° C
for aircraft structures)

Ti6AI6V2Sn Good Poor

iMi 550 Good Good to fair

Ti4AI3Mo1V Good Good

Ti8AliMoiV Bad in thicknesses Poor
above i.5 mm

- .-
-~ Ti5Al2 , 5 Sn Good/Fair Poor

~ 
_~~~~~~ Table 2 STRESS AND HOT SALT CORROSION BEHAVIOUR OF TIT .NIUM ALLOYS

The titanium al loy Ti6A I4V most widely used on aircraft structures w i l l  generally cause no corrosion
- £- problems. it does not require protect ive treatment , not even against microbes , the only exception be ing

- V , fretting corrosion. All titanium alloys are susceptible to this type of corrosion, Sui table preventive
measures are descr ibed in oara 2.2,3.3. Consideration should also be given to di f f icul t ies that could
arise where titanium alloys are in contact with cadmium and , at higher temperatures, also s ilver.

I 
~ 

T itanium components under tensile stress which are in close contact with cadmium p lated sur face may
already crack at s lightly increased temperatures (4). The same phenomenon, however , at higher tern—
peratures, w i l l  occur in combination wi th  silver, MBB tes ts  (5) have shown the temperature threshold
to be between 400° C and 450° C.

.4

2.2. 1, 3 STEELS

The types of s tee l  generally used in aircraf t  manufacture are l isted in table 3 together with their cor—
~~~~~~~~~~~~ rosion behaviour (In an environment as typical for a ircrafts). Steels should be selected w ith due con-

s ideration of the suscept ib i l i ty of certain al loys of specif ic strength levels to stress corrosion and of
the ir su’~cep t ibilIty to hydrogen embrittlement.

‘
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CLASS ALLOY GENERAL CORROSION STRESS CORROSION

RESISTANCE RESISTANCE

Low Alloy
Steels 4340 Surface protect ion in general not sus-

ceptible wi th  U e ex—
HP 9—4—30 required cept ion of high
H 1 1 strength grades wi th

— more than 1 500 N/mm 2
30GM

Corros ion
Resis tan t
Steelsi
Austenit ic 3 i6  Excellent Excellent
Steels 

347 Excellen t Excellent

A286 High Excellent

321 Hiqh Moderate

304 (ECL) Moderate to high Moderate

302 Moderate Low

303 Low to moderate Low

I Mar tensi t ic 440C Moderate A l l  grades sus—
Steels cept ib le to st ress

- 420 Low
corrosion

~1 . , moderate

~
) Precipitation PHi 3—8Mo High Suscept ibi l i ty varies

Hardening 
PH 15—7Mo High 

sign ificantly w ith corn—
Steels pos,t ,on , heat t reat—

PHi 4—8Mo High ment and shap e of pro—

( P1-f l 7—4PH High 
duct.

PHi 5—5PH High

AM 355 High

AM 350 High

Table 3 CORROSION BEHAV1OUR OF STEELS

- 
- MBB have performed special tests on s tee ls  HP 9—4—30 and PH 1 3—OMo . (6 ,7)

in a l ternate immersion tests the steel  HP 9—4—30 wi th a strength of 1550 N/mm2 and w ithout surface
protect ion showed no susceptibi l i ty to stress corrosion.

Likewise insusceptible to stress corrosion was the PHi 3—OMo steel  in the H950 temper. The tests  per—
formed on this material were al ternate immersion tests  with specimens in contact wi th aluminium half
shel ls and immerged in a ~,5 sodium chloride solution (7). .‘ ith prestressing to C .90 

~~~~ 
the

• L- major ity of the ruptures occured after- more than 1 500 hours. Only some few specimens failed between
- - 700 and 1 000 hours, The tests  also covered the influence of aluminium coatings , such as SEFtMETEL oI ,

HIGHCOTE 2, which were found to have a fairly good effect,

V TI~OSe tes ts  did not confirm exist ing test reports on bolts which , c lamped between aluminium spacers ,

~,j had ~a i led in a sodium chloride swab test after a few hours. T b s  result was explained as being due
t” hydrogen embrit t lement.

2.2.7.4 MAGNESIUM ALLOYS

~~~ • Magnesium al loys are extremely suscept ib le to corrosion, if at a l l  used wi th the customer ’s spec ial

~~~~~~ agreement, these a lloy s should be rest r ic ted to areas where the risk of corrosion is expecte to be ~~~~
They should not be used for primary structures or in areas subjected to high wear.

I’

~ 
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2.2 ,1,5 NON-METALS

Non metall ic materials used shall be moisture and fungus resistant , unless they are hermetically sealed
to their environment. The endeavour shall always be to use materials wi th a low moisture absorption.— - ‘  Plast ics, such as polyvinyl chloride, which liberate corrosive vapours already at room temperature or
at higher temperatures , should not be used, Such vapours may attack plast ics and elastomers as In the
case of PVC, but also metals .

p Materials , such as PTFE, polyamides , polyurethanes , polycarbonates, polyethy!enes , polyalkenes ,
polyoleflns , polysulfones and silicones — just to mention a few — meet these requirements and may be
used,

2.2 .2 DESIGN PRINCIPLES

Even with properly selected materials and protective treatments, corrosion behaviour largely depends
on design details. Susceptibility to Stress corrosion, dissimilar metal corrosion, crevice corrosion, -

surface corrosion, and microblologlcai corrosion can, to a great extent be controlled by appropriate
design.

The following basic points should be observed:

— Access shall be provided to areas which are highly susceptible
to corrosion to enable early detection of corrosion damage.

- • 

- 
— Aircraft structures shall be sealed to prevent Ingress of water .

— Provisions shall be made for adequate venting to prevent
trapping and/or accumulation of moisture.

J — Care shall be taken to avoid areas In the structure and tanksj  in which water could accumulate. Condensation areas shall be
suitably isolated. Drain holes shall be provided, if necessary.
Sharp corners , recesses and crevices shall be avoided so that
moisture and solid matter cannot accumulate to initiate local attack .
Particular attention shall be given to pipe jo ints to ensure smooth
and uninterrupted contours. If possible , pipes shall be routed to
avoid the accumulation of condensation water. Gaps shall be sealed
or otherwise protected , if necessary (see para. 2.2. 3.4).
Sealed floors with suitable drainage shall be provided for galleys ,
toilets and cockpits. Plastic pipes are most suitable for use as
drainage pipes in galleys and toilets.

— Faying surfaces of riveted, bolted or spot welded joints and the
attaching and connected parts shall be protected by suitable
Intermediate layers.

- 
- . Paste—like bonding agents used as intermediate layers of riveted

joints to improve their dynamic strength have caused corrosion
problems due to the absorption of moisture by the bonder. This

• method should, therefore, be used with caution.
~~~ .., I 

— When used In contact with metals , plastics w ith a high degree of
water absorption, such as foam plastics with open pores , should
be sealed if possible.- -

— Since the direction in which stress corrosion is most likely to
develop relative to the grain flow of the component Is ST, any

‘4 permanent tensional stresses, such as residual stress, In this
direction should be avoided, Assembly stresses shall be kept to
a minimum by suitable assembly methods , e.g. by using shims.
Wherever possible, a luminium alloys should be used in the stretch stress—
relieved or compression Stress—relieved condition .

• Contours of forgings shall be so designed as to ensure a grain flow
appropriate to the direction of stress.

_ _  

- 
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— Contact between dissimilar metals should be avoided wherever
possible. informations about the compatibility of various metals

- • 
- Is given in the literature e.g. (2). Where contact between dis—

- l similar metals cannot be avoided owing to specific desIgn re-
quirements , the contact surfaces should be protected by a suit-
able protective treatment or an Intermediate layer , such as a

sealant or corrosion Inhibiting paint.

- 
Where contact corrosion Is expected to occur , attention shall
be paid to the anode to cathode area ratio. Generally , It is
advisable to use large anode areas relative to the cathode areas.

— Where painting is used, it should be borne in mind that the paint
coating is thinner over sharp edges , thus providing poorer protection.

For better understanding, fIg. 7 contains some examples of the above mentioned design princip les ,
taken from the literature (2,3).

2.2. 3 SURFACE TREATMENT

Almost all types of corrosion can be controlled with varying results by the selection of a suitable sur-
face trea rnent. The protective treatments to be applied to aircraft structures are normally established

- in protective treatment lists app licable to a specific type of aircraft or in company design manuals.

i t  is important to know the answers to the following questions:

/ — Is the protective treatment resistant to all operating conditions?

— What experience has been gained with specific surface protections
) under similar conditions ?

— Is the protective treatment compatible with the base material or has
I
) the protective treatment any negative effect on component strength

(e.g. reduced dynamic strength )? Wil l  the base material be affected
when applying the surface protection ?

— Is the protective treatment compatible with the material of components

r which are contacted?

— What is the cost of the protective treatment ?

Metal coatings should, If possible, be less noble than the base material to be protected.

Following is a short description of the main protective treatment methods commonly used In current air—
craft construction. Emphasis has been given to the problems involved in the combination of various

I metals.

2.2.3.1 BASIC TREATMENT

2.2. 3. 1. 1 ALUMINIUM ALLOYS

Aluminium sheets used for internal and external aircraft structures should be metal clad. Apart from
- -  

- 
-~~~ later painting, Alodine is considered an adequate additional protective treatment. In highly corrosive

areas surface protection may be Improved by using chromic acid anodization In lieu of Alodine, Non—
- ~~ metal—clad sheets or metal clad sheets with chemically milled areas , forgings and integrally machined

parts should be anodized whenever possible.

* -~~~~ Anodizing normally reduces the dynamic strength of components. ~~~lnlons in other publicati ons 
as to the

amount of reduction relat ive to untreated or Alodine treated material and the answer to the question of
whether sulphuric acid anodization Is more unfavourable than chromic acid oxidation are very contra—

dicting. Nevertheless , it would appear advisable to Wet blast the parts before anodizing.

~~~~~ 

--
~~~ One of the disadvantages of anodizing over Alodine treatment is, however, the cost , which is six times

P - the cost of Alodine, This high cost is partly compensated for by the fact that cracks become visible
after anodizing, thus avoiding penetrant crack testing of the finished part. A further advantage Is the

~~~~~~~~~~~ conspicuousness of soft spots which could readily arise by overheating of tool penetration areas during
NC machining of aluminium components.

- 
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2.2.3.1.2 STEELS

The standard protective treatment for low alloy steels is cadmium plating. According to the latest
AICMA specifIcat ions, In Europe steels with a strength greater than 1450 N/mm2 are vacuum cadmiumplated to prevent hydrogen embrittiement , whereas in the USA, high strength steels in the 1 800 N/mm2
strength level are st i l l  cadmium plated In baths with a low hydrogen content and than degased,

Phosphate layers are primarily lubricant carriers. Although soaked with anti—corrosion oils they only
afford condit ional corrosion protection,

Corrosion resistant steels , except the 400 Series, are normally not given a protective treatment or they
are only passivated, Welded parts should generally be passivated.

Other coatings of steels , such aschromium, nickel or other layers are mo t l y applied to reduce wear,

Hence, low alloy steels are only protected by such layers as long as these are undamaged, Any damage
to the layer wi l l  result in Increased attack of the base material.

In addition, chromium layers strong ly reduce the dynamic strength and may cause hydrogen embrittlement
when being applied, Therefore, the components shall be shotpeened prior to chromium plating and de—-

• gased In a vacuum for approximately 24 hours at 180°C after chromium plating. Electroless applied
Nickel layers and particularly sprayed on coatings (e.g. zinc) shall be of sufficient thickness
(I.e. 20 — 30 ,um) to prevent porosity,

2.2.3.1.3 TITANIUM ALLOYS

Titanium alloys do not require protect ive treatment against electrolytic corrosion and fungal attack at
the temperatures prevailing in the structures of today ’s aircraft.

L ] However , preventive steps have to be taken against fretting corrosion. Silver , which strongly adheresto titanium surfaces when vacuum deposited on intermediate layers , has proved to be very suitable forthis purpose.

2. 2,3. 1.4 BONDED PARTS

Sandwhlch components with aluminium honeycomb cores (aluminium honeycombs should be conversion
I, -  coated) and e.g. less than three glass fibre reinforced epoxy prepreg layers should be sealed withTedlar foil. Where several layers of foi l are ~ed adequate painting may , for example, consist ofepoxy primer plus surface lacquer. For corrosion reasons , it would be better to use NOMEX honey—combs in combInation with fibre reinforced epoxy sk ins. According to MIL—STD—1 568 , metal—cladaluminium sheets shall not be bonded. This restriction is not applicable in Europe because no unfavour—able experience has been made In bonding metal clad sheets. Pretreatment consists in pickling only orin anodizing and subsequent application of primer. If only part of the surface of a sheet Is bonded, itis usually more economical to spray the bonding primer on the entire sheet. Unbonded areas are thenpainted. Where primers are used which dry at temperatures lower than the bonding temperature, itshall be checked, if the primer on the unbonded surface softens during the actual bonding cycle , w h i c hmay cause it to stick to the covering foil.

Bonding seams in water condensation areas or other corrosive areas have previously in many casesbeen sealed, e.g. with polysuiph lde sealants and frequently covered with a NIKOT E fi lm to protect them
,~~ against SKYDROL. Recent weathering tests performed in Guadeloupe in connection with the AIRBUS- 

- project , for which great efforts were made on surface protection, proved that bondings whose seamshad been sealed with polysulphide sealants , showed a poorer behaviour than the unsealed ones. It Is
~: 

~~~~ 

recommended that further tests should be done on this subject,

,t ~ 2.2.3.2 PAINTING
I-,- ’,’

-
~ Most aluminium and steel parts are painted w ith a zinc chromate pigmented epoxy primer in addition tob their basic treatment . The inside of aluminium tanks is coated with a ant i—fungicide polyurethane paint.Component surfaces belonging to the aircraft internal structure wil l  not receive any further coat of“~ paint , The external structure and also such areas as the undercarriage bay as wel l  as the auxiliarypower j nit compartment are given an additional coating of surface lacquer . For military aircraft poly—urethane lacquers are specif ied in most cases , These lacquers can only be removed with a paint remover.Where frequent removal of the surface lacquer is anticipated, it is recommended to use acrylic resinbased surface lacquers ,

~~~~~ The use of at, opoxy primer plus polyurethane surface lacquer system which was used in Germany, forexample on PHANTOM aircraft , did not y ield good results.

_ _ _  
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The paint peeled off In areas exposed to elevated temperatures , e.g. during Mach 2 flIghts. Paint ing
tests performed on the F—104 showed similar results. ModifIed polyurethane surface lacquers f rom
various suppliers are again being tested on an F—104 aircraft , The results are stil l outstanding.

2.2. 3.3 SPECIAL TREATMENT S

The stress corrosion, corrosion fatigue, and fretting corrosion behaviour can effectively be lmpro~ ed
by inducing residual compression stresses through cold working of the surfaces. Residual compression
stresses may be Induced, e.g. by rolling or shot-~~eenIng. The behaviour of high strength bolts , par—
ticularly when prestressed, can be Improved significantly when rolling also the shank in addition to
thread and f i l let (9). Bolts in H 11 with a strength of 1 800 N/mm2 treated as above were successfully
used on the TRANSALL, whereas bolts with a ground shank (standard manufacturing method) failed due
to stress corrosion. Non-corrosion resistant steel bolts are usually cadmium plated and then in most
cases are given a dry lubricant coating as in the case of passlvated corrosion resistant steel bolts and
anodized titanium bolts. It may be pointed out that dry lubricants on an MoS2 basis are hygroscopic .
Moisture absorption Is , however, greatly reduced by the use of M0S2 epoxy paints. J

Silver coatln9 and shot peenlng may effectively prevent fretting. In many  cases, plane contact surfaces
may be protected with epoxy primer, A sealant may, in addition, be applied to the contact surfaces , if

required.

2,2.3.4 ASSEMBLY AND RELATED PROBLEMS

The corrosion behaviour Is essentially improved by wet assembly of the structure. Chromate pigmented
epoxy primers or acrylic resin based paints and sealants may be used for this purpose, The MBB
procedure is as follows:

— All faying surfaces are ~set assembled with a chromate pigmented acry lic resin
based paint, in the undercarriage bay and In areas where sealing Is required anyhow,

j  a sealant is used.

— With the exception o~ universal head rivets in through holes in non—corrosive
& locations of the Internal structure, rivets and Hi—Loks are also wet assembled

in accordance with the above statement. HI—Loks wit h underhead sealant , which
~~~ I 

have been newly offered, need not be wet assembled either and appear to be
cost effective.

— Bolts, corrosion res istant steel bushes, cadmium plated stee l and non—ferrous
metal (copper basis) bushes and bearings in aluminium structures are wet
assembled using galnt , Where these are installed in a corrosive environment
they are also sealed. Corrosion resistant steel bushes and bolts used in such
areas should be cadmium plated,

Difficulties may arise were steel bolts are to be installed in aluminium or titanium structures , Although -

cadmium p lated steel bolts are compatible with aluminium with respect to contact corrosion, they should -

not be used in titanium structures. Corrosion resistant steel may be wel l  combined with titanium but
may cause contact corrosion when used in aluminium. Nevertheless , the use of corrosion resistant
steel bolts is generally recommended for the above applications. However , the bolts shall be wet as—
sembled and sealed , if required.

-
~ 
. Monel rivets could cause similar problem s, They should be cadmium p lated for installation in aluminium

~ 
“SW structure. However, their compatibility with titanium structure Is better , if they are non—cadmium

plated, in special cases steel bolts or monel rivets with an aluminium coating, such as Sermetel V~,should be use for such applicatIons,

• Since titanium has a corrosIon behaviour against aluminium similar to that of corrosion resistant
steel , it Is recommended that titanium fasteners in aluminium structure should at any rate , be wet as— -

~

V -~~ sembled and , where subjected to severe corrosive conditions, provided with an aluminium coating.

A promising procedure for electrolyt ic aluminium deposition is the so—called SIEMENS method (10).

-- With this method aluminium is precipitated from organic compounds without producing hydrogen. This
method is , therefore, most suitable for the coating of high—strength steels and could , possibly In the

-- 
-
~~ future, replace cadmium plating.

~.

-
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3. MAINTENANCE

Chli- ma intenance activIt ies for the prevention of corrosion and/or major consequential damage during
use are as fol lows :

— Periodic removal of corrosive media and maintaining of an Intact surface protection.

— Protection of parked aircraft against the ingress of corrosive media,

— PeriodIc inspection of aircraft for corroded spots .

— Recording of corrosion damage by each Air Force wing and, If necessary
and advisable , stat is t ical  evaluation of frequency and beginning of corrosion.

The maintenance personnel shall be Instructed not to damage the existing surface protection during
maintenance Work on the aircraft.

3.1, PROTECTION OF PARKED AIRCRAFT

On parked aircraft , sensitive parts and openings shall be covered to protect them from moisture , dirt ,
sand, salt etc , However , after aircraft have been In a moist environment the covers should be re-
moved from the openings as soon as the environmental conditions permit In order to allow adequate
venting.

3.2. CLEANING OF AIRCRAFT —

After off—shore or shooting missions, the aircraft should be cleaned or washed, if possible after each
flight , to remove corrosive media . The aircraft should also be thoroughly cleaned before every in-
spection. Regular cleaning with water to remove eny residual salt has a very good effect. Foam, steam
or special cleaners may be used to remove persistent dirt or grease. Where chemicals are used, itf shall be ensured that they have no detrimental effect on materials they get in tough with , such as
damage tO plexiglas , softening of paint etc. During each cleaning, a check shoul d be made , as fa r
as f e a s i b l e, to ensure that vent and drain holes are not clogged. it Is often edvisable to app ly an ad—
di tional temporary surface protection , such as chromate pigmented lanolin , to areas of the Internal
structure which are exposed to corrosion or where the surface protection has been damaged.

3.3. II~SPECTION

Unlike crack inspection Intervals, corros Ion Inspection intervals cannot be established by analyt ical
• methods. The maintenance personnel shall , therefore, be Instructed to constantly look for corrosIon

damage. Everybody should be ob l iged to report any corrosion damage detected.

In addition, assembl ies , joints or parts classified as prob lematic from a corrosion point of view , sha l l
be identified and included In the inspection schedule for periodic inspections and/or modification over—

- 
- -  

~
- hauls. Inspection intervals which have been analytically derived solely from fracture mechanics con-

siderations , should be appropriately reduced, if the part concerned may develop corrosion, MBB have
- - 

- developed an analytical method for the determination of inspection Intervals with consideration of cor—
~ ~

- rosive effects , which is, for example, based on the Maintenance System Guide (MSG) procedure (11).
Fig. 2 shows the pattern to be used and an evaluation form. The corrosion ratings shown in the cor—
ros Ion block are defined in a separate document depending on material and protective treatment.

Corrosion damage may be detected mainly by visual inspection using such aids as Intrascopes, mirrors
etc., for places with difficult access. Surface corrosion can be directly recognIzed, whereas inter—

• 
- face corrosion or exfoliation can be recognized by slight bulges in the surface or spread joints. Such

phenomena Indicate advanced corrosion and require further steps, such as removal of the protective
-
~~~~ 

coating etc. Non—destructive test methods, such as penetrant, magnetic particle flaw detection, X—ray ,
.~~. eddy current and ultrasonic methods , may only be conditionally used to detect corrosion damage. Their~1 application has to be decided from case to case. Ultrasonic, X—r ay and eddy current tests (e.g. for

V holes) could be used for corrosion detection in blind but accessible places, provided the critical area
r is known. Penetrant and magnetic particle flaw detection tests (the latter being only suitable for mag-

netic material ) may be used to detect stress corrosion cracking or to confirm freedom from cracking
after removal of the corrosion products .

I
’ ~~
- Visual inspection of the entire airfram e for corrosion and, In partIcular , periodic inspection of areas

strongly exposed to corrosive attacks are regarded as routine Inspections,

Special local inspectIons of structural purts with difficult access shall be carried out on the occasion
of other work for which covers and panels have to be removed. During such inspectIons particular at—

- tention should be paid to areas where moisture could accumulate or be trapped for a fairly long time ,

1~

-

~~~~~~~~~~~~ --~~~~~ 
-

~~~~~- -I 
- . —- - 

1 
-
~ 

• -

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ —-----— ~~~~~~
-- —

~~~~~ . -



FT - - 
-I

• for example in sound proofing material generally Installed between the skin and the inner panels , w h i c h

could be slightly moistened by conden~ ed water , Blind places or places with difficult access should be
- either avoided or given special corrosion protection. Nevertheless, If such places require inspection,

— it would be recommended that spot checks should be carried out , and the results of these checks should
- be used to assess the condItion of the whole f leet .

It is generally recommended that all serious corrosion damage discovered should be recorded stat ing
any repaIr steps taken, and stat ist ical ly evaluated to determine t~leir frequency and the t I I ~~ they took
to develop. This yields valuable experience for future practice and gives detailed Information on the
life of repairs.

- 4, REPAIR

Damage caused through corrosion Is generally repaired as fo llows:

— Remove paint

— Remove corrosion products

— Check if the component may be further used after additional repairs

— Apply surface protection

4.1. PAINT REMOVAL

To remove the paint , suitable solvents or paint removers shall be selected. Al l  seams , joints , skin
overlaps , Inspection areas , inspection holes , bonding seams as wel l  as rubber and plast ic parts shall
be masked, After removal of the paint any remnants have to be washed off or removed otherwise.

~ 
J 4.2 CORROSION REMOVAL

Corrosion products may be removed mechanically or chemicall y, considering the fo l lowing points:

— Corrosion has to be removed completely.
If necessary , complete removal has to be proved by non—destructive test
(NDT) methods.

— After corrosion removal there shall be no stress raisers.

- — The surface cleaned of corrosion shall not contain any remnants of the
tools or agents used for corrosion removal,

I — Any existing cracks shall not be smeared up. Smearing can be avoided
by vacub lasting after visible corrosion products have been ground off.

— The base material exposed shall not sustain any metal lurgical  damage
or damage by heating.

- 
Corrosion products , particularly on aluminium , are mechanically removed with scrapc s , f l e x i b l e

~~ 
grinding disks or sand paper and glass bead peening,

Chemical methods are frequently used for steel (e.g. phosphoric acid). Their advantage is that they —

permit easy treatment of large areas and areas of complicated shape. It should, however , be borne in
-

~~ 
‘ mind that chemical milling should not be used for steels with a strength ~ 1250 N/mm 2 due to the risk

of hydrogen embrittlement , The -hemicals used shall be prevented from penetrating into gaps. After
completion of the treatment the areas involv -d shall be cleaned w i t i  water ,

I .

~ 4.3, LiMITS OF REMOVAL

• For strength reasons corrosion products  may only be removed to certain limits , which sh-H l be estab—
lished by the stress department arid l- -rcorporated in repair manuals. Normally these limits are given as

I ~ a percentage wai l  t l - - kness or o’-r ( - l t r r r r -  flange height . Their amount is within the star dord wall thick—

I — ~~
‘ ness tolerances and In many i r ls t n - - , I t is more than those figures. Shee ts of ten have l i m i t s  of 10 % of

~~ 
the wall thickness and machined parts 5 %. Vdhen corrosion is removed from edges, holes shall retain )
a minimum edge dis tance of 2 s d  (d -meter) ,  In addition , information shall be provided as to what

~~~~~~ maximum percentage of a surface area and what percentage of the number of holes in a row may be re— -

paired by corrosion removal wIthin the limits specified. Holes may be repaired by boring to the first
oversize, Corrosion affected fasteners shall not be repaired and must he replaced,
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Before a new surface protection is applied after repair , the permissibility of the repair shall be
verified. In special cases or where the limits specified for corrosion removal have to be exceeded, the
stress department shall be consulted , if necessary, a special repair may be agreed upon depending on
the cost and the delIvery situation , or the part has to be disposed of.

4.4 RESTORATION OF SURFACE PRO1ECTION

After the surface has been cleaned and/or degreased with :~~,tabIe agents (alkalIne degreaslng agents
should not be used on aluminium structures) the specified protective treatment consisting again of basic
treatment (not for sma lr scratches) plus painting may be applied. In many cases a primer , such as a
wash primer , Is used In lieu of the basic treatment , Basic treatment of aluminIum alloys often consists
of brushable Alodine, whereas a cadmium brush coating is app lied to steels up to medium strength.
Before any of the two procedures is applied directly to the structure , seams and gaps shall be sealed,

The paint s~ ~t r- m then applied shall be Identical wi th the one of the surrounding structure.

5. I- INAL REMARK

This paper was T nt -  -nded to give a survey of measures currently taken In the design and maintenance of
a i rcraf t  ~tructures , and actions which wi l l  be recommended for the future, Owing to the complexIty of
the subject many points could only be touched, Especially the great number of accessory materials ,
cleaning agents etc . available for m intenance, their specifIc use from a material point of view and their
compatibility with structural materials could not be discussed here.

1, RLFERENCES

(1) Mu — Std 1 568

(2) Corro ion manual section I, Air Publication 1i9 A—0200 — IA , UK M i n i s t ry
of Def ynse , 1970

r (3) Luftfahrttechnisches Handbuch (Konstruktion)

• (4) D,N. Fager, d,F, Spurr , Corrosion — NACE Vol . 26, No. 10, Oct. 1 970

(5) MBB Bericht FE 21 7/STR_P_000i , Mãrz 1 975, Zeltstand und Ermudungs—
versuche an Proben der Legierung Ti 6 AI4V In Kontakt mit Siiber.

(6) MBB—Berict-tM/FE 2220/1188, August 1 973, Werkstoffuntersuchungen am
hochfesten Vergdtungsstahl HP 9—4—30

(7) MBB Bericht M/FE 2 170/ 1257, September 1 974, Spannungsr il3korros ior-rsversuche
am Werkstoff PH 1 3—8Mo mit uriterschiedlich bearbeiteten Oberflachen, mi t und
ohne Oberflächenschutz,

(8) MBB Bericht FE 217/STR— P—1292 , November 1974 , EinfluB verschiedenc-r Ober—
f lãchenschutzschlchten auf die ErmUdungs&genschaften von Sc-hrauben aus

• PH 1 3—8 Mo, 1.7704. 5 und 3,7164

(9) R. Kellermann , G. Turlach , Hochfeste Schrauben, Gedanken zur Gestaltung und

~~ 
Anwendung, Verblndungstechnik Heft 2 , Febr. 1972

• (10) MBB—Bericht BB—202/75 , Untersuchung galvanisch abgeschiedener Al—Uberz . re als

-; Oberflächenschutz für hochfeste Stähle,

• (11) L. Granquist : interpretation of Maintenance System Guide , ASD Inter—Offk e Memo,
MR/0255/MB/LG/cf , 4th Oct. 72.

I .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i:: ~~~~~~~~~~
- - --• - --~~~ .--~~~~~~~~



I

moisture collects (a) (b i
preferred avoid here 

bsd

(a) Ib) unobstructed drainage

A) FLANGE DESIGN B) LIGHTENING HOLES IN HORIZONTAL DIAPHRAGMS

insulating tape or sealant
water

rk~~~~~skin satisfactory

C) WATERTRAPS AND FAYING SURFACES

good bsd

(a) (b)

_ _  

H
(c) (dl

- Dl DESIGN FOR EASY C L E A N I N G

w possibly avoid (c) and (d)

Ic)
steel - - ~~~~

_ corrosion
aluminium panel aluminium panel \

~
:—

~
& 

________________

• 
sealer no sealer

V 
- I ~J ~~~ 

- - corrosion
I F1( ~ aluminium

steel 
steel (d)

Is) preferred Ib) avoid 
~~~~~~~~~~~~~~~

E l DISSIMILAR METALL CORROSION

Fig. 1 SOME DESIGN EXAMPLES. ACCORDING TO j 2 j ,  131

---- ~~~~~~~ --~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - L~~~~~~~~~~~~~~ 1~~~~~~i-~~ ~~~~ J~~~~T ~1~~1I -. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



rr~w
- I

condensate cool aluminium area

- 
- - 

~~~~~~~ preferred avoid

- - -
~ 

- (a) (b) (c) (dlheat lost insulation 
-
~ 

u7 ~~~corrosion weld
site

(a) bad (b) better

F) PREVE NTING CONDENSATION ON STRUCTURES G) SEALING OF A BUTT JOINT

(a) bad Ib) good
~ ~~~~~~~~~~~~~~~~~~~ ~~fZ ,’ z~- ‘~~~.

(a) (b)

‘~~~“ 911’~1 component shape

_ _  

k
LZZZ,’f \ \  \ \ \~ / / ~~~~~~~~ _—‘

£F~~~~k L+- ~~~~~~~~~~ 

~~~~
f
~~~~n flow

- 
-
. H) DESIGN OF WELDED PARTS I) IMPROVING GRAIN FLOW

—

Fr: ~
~~~

. ~ Fig. 1 SOME DESIGN EXAMPLES, ACCORDING TO 121, 13)

1,

I —~~ 

- 

~~~~~~~~~~~~~~~~~~ 
. 

~~~~~~~~~~~~~ -~~~~~ --

-

~~~~ --~~~~~~~—~~~~ 
—-

~~~~~~~~~ ~~~~~~~~~~~~ 
-

:__—.
~~ —- ~~~~~~ - _____________________________  ______



rr - 
- 

—- -——-- - - - --— — —
~~~~~

-- ——----- - —-- -
~~~~~

~~~~~~~
I. -

~~~
, • 4

_J TORNA0O Ssi ANALYSIS~,HEET - -

- 

AnON NI) 
- 

~~~~c rpT,ou 
II - - -

BFASCIN FOR SELEcTION

R E F E R E N C E S

I M A T E R IA L  SPEC 
- - 

PAN 
— 

HSI Y I M 4 I~

T COI ROSION PROTE CTION
CALCI LAYKo FATIGU E OCE F•4~ ~~~~ ~~~~

_— -_— —1

INCLU O ES APPRO PRIAT E S C A I T I R  EACT O RI
FRACTI R( M EC R A N I CS C A L C U L A T I O N

IN IT I A L  CRAC K LENUTY - R I T IC A L  C R A L K  L F N G T Y

CRACK TYPE SAFE CRACK GROWTH LI FE
1 -

~~~
-

~~~~
-

~~
-

~~~~~~ 
-

~~~~~~
------ -

- 
I TY PE OF TEST

4 4  III L *44) K - 
— INITIA L LI ROTH

~~~~~~~~ IN T Y  ____ - __ S A F E C R A C E GROWT IT L IFE - — IF-

IYAT I NO SUMMARY

- Mar N 1 A  OR RA T I N O }~~~ REMARKS

M A ’ E M A  11101 OMS

lN~~~II0SMIN?

N I l  I I

AC CE S5 F 5 0 1 ( 0 -  MI

R ECo MMENDED INSPECTION ME T Y OO REMARKS • S C A T T E R  FACTOR OP TWO INCLUDED

A P P L IC A B L E  MAGEROIS

F4NACIF  FORM 2O~~8IA.F 5 F

[

~~~~~~~~
4

2 3  

_  

_ _ _0 _ _ _ _ _  _ _ _ _ _ _ _ _ _

~~~~: ~ ~ : 
-
~
--]---

~
---t --F-i-—

~
--

I I

4 

Fig. 2 SCHEMA FOR DETERMINATION OF INSPECTION INTERVALLS BASED ON MSGf11J 

~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 111 -

~~~ 
-- ~ r ‘~~~ -w-

~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~ — —4--4 - 
~~~~~~~~~ ~~~~~ ~~ 

I -. 
~~~



- - _ -  • — - - 1 _  _ _
~~~~~~~~~~~~~~ — — -• 

~~~~~~~~~~~~~~~~~~~~ T’” - 
~~~~~ —_ —- ,_ .. ~~~-

6-i

p c ~nr~r( AN}c.~o’p FIL~~D

LA CORROSION - E’IUDE ET DETECTION

par

N. BRtJNIN, ~ 0. SERTOIJR et C. E~~ AUD

L~borstoire Central de la
Sooi6t~ Natlonale Industrle].ie AEROSPATIALE

R~~UME

Pour i ’4tude des phénctnènes de corrosion, deux voles &approche sont explorées paralle-leisent lee essala
de reproduction et d’acc~l4ration de la corrosion - la d~termination des vitessea de corrosion .

Essais acc~lérés
• Divers types d ’easaia ont 6t4 développés pour reproduire et accél6rer iCS ph~nomenes naturels . Fzi A4ronau .

tique, par exemple, on utilise lee essais de brouillard sal in, lea ininersions continues et eltern4es, lea
cyolages cilinatiques, lea expositions marines et troplcalez.En fait ces types d ’essais aon t toujoura
ad~pt6s en fonction du problème pose. On montrera ~ partir d exemp3~~ coninent ont ~t4 conduitea la mice au
point et l’exploltation de ces essais.

Mesure des vitesses de corrosion
La vitesse de oOrrO~ion constitue blen Cvldeninent Un outil precieux de prevision des deg&ts dils a is cor-
ro~ iozi et o’est cc gui Justifie i’intCrBt de sa mesure. On d4ori ra lea mayens utilisCs dana cc sens par le
LABORATOThE I~~TRAL de 1

’AE~ OSPATIALE, en particulier l’utilisatben des courbes potentiostatiques et den
macurea d’impádance faradique a faible frequence . L ’application de cea m4thodes au contr8le de l’aflodi~a-tin montrera 1 ‘avan tage de tellea méthoclea. Dafla le cadre de is corrosion sous tension, l’dt uda de is
cinétique de propagation des criques sera de n~ n*e un puissant moyen d ’investigation et de prevision .

Moyens de detection
Si lea examen s vlsueis soot le plus souvent révClateurs, i’utiiisation de méthodes de con tr6le non destruc-
tif telles que radiographic, ultrasons, holorr aphie , couraxits de Fouoaui t . . .  sera tr~5 profitable.

A partir de can pratiques renoontr4s en ACronautigue ( corrosion - 
-

intercristalline et corrosion sous tension des alliages d ’aluminium , corrosion en milieu confine des struc- 
- 

-

ture~ en nids d ’abeiiles, corrosion filiforme anus lea peinturea .. .  ) l ’expo~C montrera les possibilités
et lea lieiites des methodes d ’Ctude et de detection de la corrosion .

I - DITROWC’rION -:

Dana de noisbreuaes branches industrielies , on a malntenant pria conscience des frals importanta occasion-
n4s par is corrosion et la repara tion dee dCg*ts gui lisi sont iniputables. A titre d’exempie, citons qu ’en -

1968 1. coO t de is corrosion an Ailemagne a Ct~ Cvaiu~ h 9 milliard a de dollars. on a eatimé qu ’ au mom s
3 mulliarda auralent pu ~ tre 6conoisisCa par des solutions mieux sdaptCes. Ainsi, lea Leboratoires de
Recherohes ont ~~~ conduits ~ as pr4occuper de plus en plus de is compr~hension et de la pr4vislon de cc
ph~no.ène gui s est av4r4 rujneux, avec , en plus, dane l’Industrie A4ronautlque, le risque d ’avOir des
cona4quences sur la sCcurxt4 des passagers .

I’. -

•.~~~ Le L&B)RA TOL9F C~~1TRAL de 1A ~~OSPATIALE qul , depuis une vingtamne d ’annCes, travaille sur can problenies
a acqu ls dan a le doinalne des cana ls at des d~tections de corrosion une vaste exp4rience,dont rious donnons -
Id  quelq :a apercus, easentiellement ax4e sur las ailieges lógers, a*t4riaux ic base de l ’ Industr ie
AC ronautique.

1’- 2 - ASPECT T}{F~ MODYNA?4IQ(JE ET Cfl~~~IQUE

Thermodyn&stigue

fl eat possible, th~or iquement, de pr~voir si uric r~action chimique peut ou non se pr-oduire; dens le can
de 1. corrosion en milieu aqueux, la connaissance du diagresrmie thermo4ynamique tension - pH ( diagrenine
de POURBAIX ) permet do dCt errni - .~ r lee possibilit4s de corrosion .

Par oxemple, le diagrvmae de i i alurniniunt dólimi te lea doinaines de corrosion unifos-,ne et do corrosion par
piqUres.

- 

-

I’ 
. .1.



~~~~~~~~~

—

~~

I -

~~~~~~~~~~~ 

--- -u— -

~~~~~~ 

- - - -— ---—I -

~~~~~~~~~~~~

DIAG RA MME DE POURBAIX
E(v)

AI3~ 
A12031 3H 20 A lO~

o ~~~~~~~~~~~~~~~~ hydrarg i~lite-I
corrosIon 

~~~~~~~~~~~~~uniForme . .

. corrosIon par plqures
1 en m ilIeu

(presencedeC ))aclde corrosion uniforme

en milieu basique

-

. 

2A 

Al H’1

Diograrnme d ~~quihbr’e Tension-pH Aluminium - Eau 2 5C
‘-I-Vera les pH très acides se situe ~~ doinaine de corrosion unifonne avec formation d ’ ion Al rtou.a citerons los

corrosions en milieu confine par exemple sous le~ peia-Wres ( corrosion filiforme ) ou dsnn lea asae~~ iages
coliés.

Dana un vaate dainaine ( pH 2 a 10 ) i ’aluminiuni se recouvre d ’une couche passive d’alumine. Lea d6fauts de
cette couohe protectrice provoquent une corrosion par piqflres. Ce type d ’attaq ue locale ea t d ’ailieurs
fréquensnent renoontré aur lea alliages lCgers .

A pH basique , on z,etrouve une corrosion uniforme avec formation d ’ion alumina te Al O~ ; sur avion, Ce type
de degradation eat pau courant mais peu t se produire eu voisinage des accuinulateur s .

Cindtique

COUPBE DE 15 La cinCtique do degradation a ces divers pH- - / pout ~tre dCterminCe par den mesurer 1cc-
POLARISAT ION trochimiquen ( dana le can de reactions

,

~~~
,‘ & activation ).

i~0o _ —

~~~ 

E
1_

m V 
- Trac4 des courbea intenait~ potentiel,

~~~~~~ I ~~r-,r crsn determination du courent de corrosion par,- uuu uu extrapolation des droites de TAFEL ( dia- - -

/ meturedelo gratane d’EVANS ) ; mesure de la resistance- - 
/ r~c istance de polarisation inversement proportionnelle

/ - - 15 dana is plupart des can au courent do
/ de poiorr~otion corrosion.

i/S mA/cm2
‘

-3
DIAGRAMME D’ EVANS AU4 GI  dart s. NcCt,3% +K3 Cr1O7 5.10 M

Ern V 
- - I

poterit ie l  de drssolution
500

sion \ Lot de TA  FEL E:a+b log
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DIAGRAMME D’ IMPEDANCE

FARADIQUE

- TrscC au potentiel de oorrosion d.e
—. diagrszanea d ’ in~ 6denoe faradique demnant

6 pour des can eimpiea l.a resistanue do
polarisation Rp, l.a resistance do ti-ana-

Li fort Rt inverseisent preport ioim.lle auCr C double couche courant do corrosion, is oapacite do double

Le: simpies mesures do p.~~e de poida soot

/ souvent une utile indioatiem.

~ 2 / \ si ces méthodea a ’sppiiquenit pour lea oorro-
— / \ aions superficiellea uniforms. cUes soot
I— / \ piua difficilement e~~ioitablos pour lea

/ oorrosiona iocsiisCea.

0 21 4 6 Rpoloriso lion J ra t~~ nt None verrona qua d ’autres method. . pernatt.nt
‘~~. 

‘
~~ ‘1 un suivi do reaction ; sinai, dana I.e oaa do

r electroly te \ ,/ ‘, j  
P corrosion sons tension, la clnétique do pro pa-

~—~r_ _‘~-~‘ ~atbon pout ~tro d6tormin4e par is aulvi do

PARTIE REELLE (c>~ 
la progression da is fiasure . I ~

Fer Armco er-i miheu sulfurrque dapr-e s I Epelbo4 n (CNR 5~

3 - PRD~CIPES D ’E1~JDE DE LA CORROSION

L En felt, s’il eat possible en g4nd ra i do classer lea divers types de corroebon,chaque can eat is plus sou-
vent Un can particuiler a ~tudler c~ mne tel. Deux types do questions peuveit ~tre poaC. au Leboratoire do
Corrosion : 1 - choix d ’un nouveau matériau et de sa protection

2 - reinède a uric dé~~~datioo apparuo en service.
‘1 Dens lea deux cas, il eat n4cessaire do cnsidCr’er tous lea paraarCtres a. rapportant su mat6riau et au

milieu environnant.

Paramètres

Matériau - composition chlmique
— structure métallographique
— Ctat do surface
— fonne do is
- contacts avec autrea mat4riaux
- modes d ’assembiage
- contraintos ( internea et exteruas )

- }~~0 
( h~~~ dit4 ambiinte, rétentiona , condensations

-~~~~ ( a C rstion )
- Icna( chiorures, sulfates, nitrates
— pH
- tempCrature 

L’ etude pourra ~tre realisee suivant deux types do sah~ma

Premie i’~ can choix d ’un nouveau matériau ot do as protection

~ ; ANAL?SE DES PARAN~~~FS

_____ HEALISATION DE T(~JS IFS TYPES D ESSAIS NE~~SSA~~ES

I - !i
MODIFICAT’IN DES rn D POUflL~ 4ENT

(matériau ,protection,n,iiieu)
CHODC - Matériau a utiliaer dens l ’état X

dana le milieu Y
~ .1

I

~

_J__ 
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Deuxleme cM reoherche d’un reaède ~ une corrosion app~ rue en service

Dk
~
PECTION LIE IA CORROSION

[ E~~RRTISE + ANALYSE ~~S PARAMETRES 
-- - - - --

Typo de corroat~~i connu Type do corrosion c~ mu Type do corrosion inconnu
Cinêtique inconnue Cin~ tlquo connue

I
Determination do l.a Essai do reproduction
cin~tique

Determination do is

[II

i
~~~~~~~~

E 

~ 

~~~~~~~~~~~ oin6ti~uo

Arr~t tot-al — ~~~~~~~~~~~~~~ Ralentiaaetnent do l.a vitesse

Essal de verification

On comprend a is vue do cos schemes trèn simplifiCa, is soisne d ’ossais nCoossaires a Ia prevision ot la
preventi.n des corrosions.

k - LES ME11~ODFS D

Sur avion en service, uno quantité importante d’ eau do condensation oat present. dens la plupart dos zones . - 
-

- - -. 
( reservoirs, structures aandwicha, anCriagementa cabino, cases de train ... ) .  Cetto eau, le plus souvent ,
a Un pH variant entre 5 et 9 et contlent toujours des chiorures .

k-l Initiation do la corrosion

Corrosion par pigOres : ie milieu ambian t oat donc susceptible d’ Initior uric corrosion par rupture da
L is ccuche d ’alumine passive. Cette initiation pout ~tre reproduite en Laboratoire, par oxemple par l ’ essai

bien connu de brouiiiard sal in . Pour notre part, nous utilisons un brouillard salin k pH neutre ayant uric
concentration de ~~ en chiorure de sodium et uric tempCrature de 35°C. Cot essal est largement utilisé pour
le contr6ie des protections et des peinturea. On rel.ève aiors pendant uric duree pouvant atteindre 1500 h.
la gravite do corrosion en fonction du toa~s.

gravite ES5AI DE BROUILLARD SALIN 5 °/0NaC I
mauvaise

cJ~~

peu 
- / 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ moyenne

corrode 2
bonne

( 

protection

30 60 Femps(j )
d exposition

AU4 31  protege par systemede peinture poIyur~lhcj ne
Corrosion do frottement dens lea assemblages, 1 initiation peut ~tre caus4e non par 1. milieu ambien t mais
par Un fro t tenient . Lea microd4placeinents soua charge entrainent uric rupture do is couche passive o~ Se b oa-
u ser-a ensuite uric propagation par corrosion simple, corrosion sous tension, fatigue ou fatigue-corrosion.
U eat possible ei aboratoire do reproduire i& corrosion de frot tement, par exoinpie par un essai do fatigue
aur aeseinbiage, cet assemblage pouvan t ètre soun,is aisultan6ment ou pCriodiquen,ent a une ambience corrosive .

N
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_ Princ~pe d e l a  cor rosron f thforme d ~pr~s Corrosion filiformo: si is milieu smbiant a un pH voisin
do ba neutralit~ ii n ’en eat paa do mgme dana lea zonesAW - Bethune B oetng ) confinCes ( sous lea protection s par exeinple ) o~a, consie
nous le verrons plus loin, be pH pout dovenir très acide.

— Zone anodrque corrosion Nous citerona en exetupie la corrosion filiformo qui, aoua
is forine do “ fils “ chentinant sous la pelntire a partir1,5 ~i 2 superf ic ie lleAl2O3 do d.tscobtinuit4s ( rivets, bords des jon ctiona de fuselage )
oat uric attaque suporficieble pouvant ~tre i’init iation_poIe nI~ei de  drssoluhon _1V/ECS/’ par exomplo d ’une corrosion inte rcri atalline.

pro ~~~~~~~~~~~~~~~~~~~~~~ 
Ce phenomene pout ~tre artificielloment reproduit en Labora-
toire . L’ essaj consist. a soumettre uric Cprouvet te pein te,

~.O rayCe en croix jus qu 1 au metal , aux vapeurs d’acide chborhy-
2 dr ique dUx~int 30 minutes -at, ensui ie, a 1 ‘exposer en Ctuve

nFe
~~
r
~
staH Ine

~~~~~~~~~~~~~~~~ture tate au cours du tomps l’apparition ot ba progression de

rr on humide a kO°C ot 8c% d ’humidité relative.
F i l m  d e Dens ces conditions pour uric protection défaillaxite, on cons-

Zone cathodique \ corrosion filif orme a partir des rayurea. La critère d ’acoep- -
__________________ tation retenu eat quo lea “ lila “ no doivent pas d6pasaer

_ p H 8,9 2 nm apres ~O Jours d essai.

_po lerrtte l de d~ssoluhon Ces exeisplea mettent en evidence la possibiiité on Laboratoire
do reprodui re des initiations do corrosion.

~~—0,7 V/ EC5

INITIATION

Mfl~IEU NEUTRE MECANIQUE !.UIIEU ACThE
(cx fretting) (ox corrosion uiliforme)

PIQURES RUPIiJRE COUCHE DISSOLUTION SUP~~FICIELLE
PROTECIIUcE

PROPAGATION
(ou rion )

Led~pouillement des essais de corrosion montre quo b ’ initiation eat sleatoire et qu ’en fait  cette phase de
cor rosion est difficiloment previsibl.e.

~-2 Propagation

La propagation au sein do l ’slbiage léger peut, quand d ie  se produit, ~tre soit intorcriatalline, soit
tranacristalbino. Elbe pout être influencée par piusieurs facteurs . Parmi los principaux, nous citerons
los contraintes — le confinement - le couplage avec un matériau diffCrent - la struoture isétallurgique.

Influence des contraintes : dana cc cas la propagation eat uric corrosion sous tension inter ou tranacriat.al-
line. Lea methodea d ’essai do C S T n ’Ctant pas normelisCea, plusieurs vari6téa do montage d ’Cprouvettes
et do milieux corvosifs sont utilis~os ; lea conditions d’ossais aont ~galement très diveraifiées. Solon
~~ENNEB (1), les essais de corrosion aoua tension peuvent ~tre effoctuCs solon doux groupes do procedes :
charge imposCe constant. ou dCforisation constant.. Uno importante diffCrence entre ces deux types est quo.a charge iniposée conatante, la contrainte augmente en fonction do 1 ‘affaiblissement du met4riau alors quo.
sons deformation constante, la rupture en corrosion sous tension peut ne pas intervenir par suite de phénonène
de relax ation des contraintea. Ch*cuno de ces methodes pr4aente avantagos et inccnven ienta et le choix d~pend
souvent do multiples raisona : prix do revient — form. du produit - contraintes do service — 6tudea
fondamentales. C ’est sinai quo l ’on rencontre plus d ’~~ o douzain e do typos d ’essais faisant appel a la
flexicn, ba traction, contraintes poiyaxieles, avoc des fon~es d ’6chantillons variCes, dos contraintes élI,a-
tiquos ou (et) plastiques.

- ~~~ L ‘ essai pout être réalis4 sur Cprouvotte liase ; on engbobo id 1 ‘initiation ot is propagation ; ou stir Cprou-
votte précriqude pou r n ’Ctudier quo la prop agation.

4 -j

b

.

~~

~

-

~~~

1.

-
~~~

- 
~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~

. 
~~~~~~~~~~~~~~~~~~ --~~~~~~~~~~~~ -

~~~

-
~~



rr~~ ’
a) •esaio aur 6prouvettea lisasa
(ki trace is courbo do variation do is dur~o do vie en fonotion 4. is oontralnte appliqu~o.

I I E SSAI DE C S T
Cont ra, nted ’esso, MPa . - . - -

immersion-ernerston a lternees

30o \ lO rnn - SOmn

250 - -

~~~~~ - .

~~ 

Tract ion en solution chroma tee

I \ Fl ex iori en solut ion NoCI 3/.p H8
200

150

• 100 TrocI~on en solution No CI 3°!. pH 8

I d u r e d e v u e en h
0

J io2 1o~ 10~

A-Z5GU T 7651

~1

Co~~e nous le montrcna, cette oourbe eat fonction du type do soilioltation et du milieu d’esaai. fl faut
demo ohoisir arbitrairement is mêthodo d ’eaaai slim do disposer d ’un moyen d ’Ctude coinparatif be plus
simple et is plus reproductibio possible. Suite a ime vaste etude a i ’Ccholon f rancais, nou s avons choisi
lea ~oonditions suivantos (2)

Los Cohantiliona sent pr ~lovCa dana ie sons trav ors court.
. Usin.age dos Cchantillona : rugoaité inf6rieure a 0,7 ~a C.L.A soit VVI dimenaions de la partio oalibreo des Cprouvott oa 1 0 4 nun 1 — 25 ims
Pr4paration do surface : decapage fluonitrique (Norme A~~ 9050 C) — uno minute dana la solution a 95°C
do NO,H pur (6%) 50 co/i + FM pur (60%) 50 co/i - Rinçaga a i ‘eau - Passivation dana W)~N pur.
Los Cohantillons doivent $tro mis en esaai entro 24 ot 48 h. après dCcapage .
Mise sous tension (5 Cohantilion8 pas can) i tensions roooiiumsndóea — 75, 50 ot 30% do Rp 0,2. La tension

I eat app liqueo par tin dispositif do fiexion a tension constant..
- - . Milieu corrosif (AS’I!4 0 44-75) : NaCl 3,~~ solution pr4par~o a parti r d ’eau permuteo ( (~~ 

1 M2) ot do
resotif pur 6,4 pH 7,2

• Application : inunersion (10 minutos) - ~meraion (50 minutes ) 24 h. stir 24 pendant 30 Jour-a .
E~ arnens microgrephiques : cos oxamens sont doatinCs a s4parer lea ruptures móoan iques conaC out ivos a la
formetion de piqOres, des ruptures do cor rceion aotis tension.

• . Expression des résuitata : lea dur ~os do vie sent oxprim~es en j ours. On utilisora Cgsioi.ont le critère
A pas de rupture a ~~~ Rp 0,2
B rupture a ~~~ - pan do rupture a ~~~ Rp 0,2

.~~~ C rupture a ~~~ - pan do rupture ~ 30% Rp 0,2
D rupturek 3o% Rp O,2

C -
b) ossais our Cprouvettes entalilCea — pr4cripuCes
La prinoipe dos ossais eat d’utiliser dos Cprouvottes oomportant tin site d ’ initiation (pr6 fissure) ot d ’en
Ctudior 1. developpoment (propagation) en pr esence d ’une contra inte ot d ’un milieu corr osif. On ospère
s’affranoh.ir ainsi du proceasus a.lCatoire d ’lnitiatiom ot do plus , avoir la poasibiiité d ’Ctu dier ls pro—
pagation stir des n~ tériaux insensibles a l ’initiat ion (par exempie le titane en milieu mart.).

L ’analyse quantitative du pheno e,èns de fiasuration s’effo otuo en utiiisant los concepts do la m~oaniqu o de - -
is rUpt ln’e, as qui permet d ’aasocior aux dimensions do fissure , do pièces ot aux contraintes appliqu~.eij ~

, tin faot.ur K oxpriman t 1’ lntenaité do oomtrai.nte en fond do fissure.

N /

_ _ _ _  

_ _ _  _ _ _  _ _ _ _ _  
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Deux types d ’oasaia peuvent ~tre envisages

[~T5PO5IT~F D’ES SA l A DEF L EX I O N  CONSTANT E
tc1 rri~ ou r  enregls lreur’ 

ti ge p o l peur

- 

t ~~~~~~~~~~raa~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ra s de Iev~~ r

eprou v e t t e . 
-I
~~~~~~~~

j
~~~~~

el u e  ressort dynomom~ triaue

DCB co u r t e
/  

fA 3 extensometre co~~e
t i g e s  en s i I t c ~ / 

_____  
K\  q

d a 7
Td~~~~~~~~~~~m~ 

I
[DISPOSIT IF D’ESSfJ A CHARGE IMPOSEE CONSTAN T]~~

eprou vefle A STM 

+~~~~~~jj_~
eIIule

Dana lea deux cas ii eat possible d’Ctablir lea diagreimnea — ~ (K 1) exprimant la cinCtique de I issu—
ration d ’un mat4riau en CST (bonguour de crique a en fonction du ~emps d ’ ossai t );quand ~~ ._~ .O, ~~ 

tend
- - - vera une iimite appei4e Klscc au-dessous de laquefle no so produit plus do propagation 0f2h1t CST

Los essais pratiqu4s a
charge iniposCe constante
perniettent d ’atteindre PROPA GAT I ON DE5 FI SSUR E Sla portion sup4rieure du
diagrezmne, lea esaais a
ouverture oonstante ia ____________________________________________________
portion infCrieure . 

~~~~ 

mm/h

Log v

- _ I • / —Diagromme th~ orrque
_

~~~~~ -, principe / - - I

- I Ex perimentahOnr ~~~~ d obtention 1
1O~ Il char-ge constante —

:~~ 
~ log v Itesse~~~(K1’) _~,/ 

-

k • 
~~~~~

- - — I deformat ion constante — — —-2 7y I

10 f~ \ •/ !

io~ ( I -
:i i

-L 1/210 — ~~ hb mm Ki

50 75 100

Klscc
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I f R ES U LTAT S E X P ERI M EN TAUX Ccc m6thodss .‘appiiqu.nt
• __________________________________________________ auaai bien aux allisgea-I 

d’aluminiua qu’aux
- ou aux alliages do titan.
- m m/ ~

i:
2

. 
“

I

- 1,.iE:~;-c:~i i
I 

10 - 

/ 

,,

~~f 

‘ c016

~ [~~-u2~~r~ _ _ _ _ _ _ _

io 2 

- ~

(

~T 1 6 21 Mol

h b - mm K!
0 50 100 150 200 250 300 350

Essais de CS T en solution NaC I 3,5 •!.

Influence du confinement
a) au sam du matér iau

La propagation dana tine or ique ea~. souvent tine pro—
I __________________________________________ pagation en milieu oonfinC . Coinee be montro 1. ache-

COR ROSI ON ma~ le pH dovien t trè s acid. en fond do fissure .

- . EN MILIEU CONFINE
AW~ B~~t hune

- stade ~niIial
FendAl-.Al 3’~ 3 e  

d e c r i  u c

°2~ 
H2 04 4 e — ’- 4 0H pH 2-3

- • 
0,85 V/ECS

- 

_ _ _ _
:~~

1
_ 

A l 
0j”~~~~ Al sPa de ? no1

Pv1 ili~ u Na Cl A l~....Al 3+ + 3 ~ 4
Al~~+ H 2O~~A l(OHj i - H’

O2 +H 2O ÷ 4 e — e ~4
,,
OH
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-I - Il
b) en surface

lions evens dejA cite la corrosion filifor,ne en
exemple do propa gation superficle ibe en milieu
oonf InC.

/ Un autre cas frequent de propagation en milieu oonfl-
/ né eat la degradation dos structures alliages iC ger a
/ coliCes qui ae traduit par

H 20 VV 1) - tine pénetratmon du milieu ainbian t dana l’adhCsif
2) — une destruction do la couche d ozyde auperficlolleIo ns • . • .~~~. • - 3) - tine corrosion ot propagation de fisiure .

ad h~ si f
- . H20 - prrmoire/cofle o xy dephase I Penetrat ion ions otj cole 

-
. 

• 
.

11 L~ ~~~~ ~~~~ u m//~~~~~~~~~~~~~~
H20 • •~~~~

• 

•
~~ •~~~~ •~ • phase 2 Destruction de lox yde

lops • . 

~~~~~ 
_________________________________________

_ _ _ _ _  

[A SS EMBLAGESCOLLES]
phase 3 Corrosiorr p’o pagatiorr

L étudr de la prop agation des deoollementa en ambian ce humide a 4t4 miae au point par B0E~~G ( 3 ) .
Deux t8bea minoe~ collCes sont soumisea, A l’aide- 

E SSA I DE dint coin, I intO d4fo1’i~fl•ation constante .

C LI VA G E

3m r~
’
~~~~~~~h1 cofle~~~~~~~~~~

On mesure la propagation do cr ique E~ aen ambiance huniide ou autre milieu

[TENUE EN V IE I L L IS S E ME N TS  DES COLLAG ES

I P A R  E S SAl  D E C LIV A G E
L~~a

• - : 
~— mauvaise  tenu e

•
~~~

I
-

I~~~

bonne tenue

0 
~~
-
~~

---
---

~~~~~~~

—:-- 

•I temps

-.

. •;:
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I ~ ~~
‘ LI VAC E Pious avona utibement appliquC cotta methods_ 

aux alliagea de titeite.

— - 60 ~x a  t-la~e r iou:TAóV col l~ par B L  312 .4
mm) A r t od isa t ion- 

50 sulfur ique Tenue en ~~tuve humld e 40°C ~ 0% ~~

40

30

I 20 conversion chimiqueI 
clu f l u o ru r e

10 /
I 

- _ _ _ _!_ ~~~~~ tempsI 0 I

0 1 10 100 1000 heures

a) dana tin assemblage
Un autro type do corrosion en milieu confin4 a eta observe dana los structures saiidwichs en Nude A—03 (5052).
Un suivi original do la corrosion en laboratoiro a 6ta do sesurer ia quantlta d ’hydrogène dCgagé au oours

- do la reaction.
• Le dosage pout ~tre offectue par chrolnato— I -

- graphic . 
—Co tta niéthode a permis d ’Ctudier l ’thfluonce

I d ’inhibite rs do corrosion . , —H2/0 D EGAG EM ENT D H Y DROG EN E
0,02%K

2
Cr

2
O7 EN FONCTI ON DU T EMP540 ~/ sans nhibiteur D’E SSA I DANS H20 DISTILLEE

I
30

~~~~~~~23/ocoloran~
alo~ane 2 LW

- 20

- 
~~ 2°/,K 2Cr2 O 7

10

+

• ~ ~ernps heures
20 40 60 80 100 120 140 160 180 200 A.U~ G1

1 -
- 

Influenc e du couplago avoc un mat4riau diff4 rent• Lea couples galvaniquos sont, dana lea assemblages mel etudies, responaablos do degradations importantes .
__ 

Il oat d ’usago do claaaor los met4riaux en fonotion do lour potentiei d abandon on solution corrosive
- (potentisi do dissolution) ot ~e conaiderer La gravit4 du couple entre deux matérisux conase fonotion dola diff4 rence do potentiel .

Cotta e~’alustien n ’eat paz suffissnte. Il oat preferable do considCrer is courant do corrosion qui , dana
I 00 cas precis oat direoteinent mosurable.I’-

C
a

- -
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Ii eat possible do msaure r is couran t sans porturber is circuit 1 1 aide d ‘tin amp-remetro A
- nulls. La corr4isticn ontre a.. mosures ot lea pert., do poida a largement Ct44ttidiCe par p . M~j lsF~~.ti( 4
- 

~ 
Nous avons employC cotta technique pour is

- 
— -~~ 1 0 00 .I~J/tA 

— 
choix des liaisons avec lea structures

- 
— — — — omepoaltea a fibre. do carb one

100 ~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~~ 

—

~~~~~~~
_ - 

- — - - ‘—.---e-—.---4~J Coupl e Carb one
4 -

3 1 Titan e
/

j  2 Inox
10 / 3 AU2GN point

I 4 AU4GI+OAC
/ A S S E M B L A G ES  5 Ac ierCd

/ MATERIAUX COMPOSITES 6 Cuivre

/ I~LLIAGES METALLIQUES 7 A U 4 G 1

/ ______________________ 8 t~ J 2 GN
-

~~~~~~ / 9 M g

o.i ~~~~~~~~ — . 

1 2 3 4 11 12 
ternps en jour S

Influence do be structure metallurgique
Stir un alliage - -, la corrosion en milieu humide eat touJoura due P~ l ’existertce do zones anodiques et de

i—, zones cathodiques. cC’mflO dana be cam d ’un couplage de met4riaux . Cea zones sent alors mieroscopiques Joint s
do grai~~ composes def inis, matrice . . .  C ’est be eec do ba corru~ ion intercristalline rencontróe fr4quern-

I mont stir boa profiles en A—Uk02. C’ 2024) A 1 ‘Ctat Tk (corrosion par exfoliation).
- Cotta corrosion a pu être roproduite on laboratoire par tnt essai cyclC en brouullard sal in acCtiquo . Le

cycl e oo,i ’rend:45 en do brouuilard za3Jn 35°C (~~~~ 
Ned pH 3 avec CH3CO OH) -

F i 2h s C ah ag o 6o°C
I 

3 h 15 inn brouillard d ’eau 35°C
Stir mat6riaux sensibbos, l ’exfollation apparaft en quelquos j oura .

- Noua avon., essays sans auccèa d ’appliquer cot easel A l’etude des matériaux protég4s par peintu res
- Pour ce cas particulier, l ’exfoliation peut ~tre roprcduite par tin essai d ’ in.nersions—émersiona alternCes:

P - imorsion 2 h solution Ned ~~ pH 8
- emorsion 2 It humidit4 relative 80 -

temperature 35°C
Los ganines do peinture appliqueoa sur alliage sensible sont ainsi sCleaticmnCes par cot esaai limita a

- - une duree do 1500 It. Aucune corrosion no doit ~tre dCtect6e sur l ’éprouvatte prealabboinent rsyCe on croix
, ju squ ’au metal . (quolquos piqth’es no depaassnt paz 1 sri a parti r des rayures sent tolerees).

Cea corrosiona etant duos A l ’exlstence do mioropibes, il n ’ost paz possible do faire tine mesuro di rocte du
oourant do corrosion . Nous avons vu qu’il fellait faire appol a 1’Ctudo doe cotirbes tenaion—cour,n t ou aux
diagranines d ’ impedance (~~~~B0IM ( 5 )
L ’application dos mesures d ’iii~~dance faradiquos atix mesurea do corrosion fl ’est paz encore très dCveboppCo.

~. -qa~ nous avons utilisC avec succès cotte methodo pour be oontr8le de l’anodisation des all iagos lCgors .
S ~~ E~t gén~ral, ba qualit4 d ’une anodisation eat ccntrôlee par tin essai do brouillard salin . Cot osaai Ctant

long et difficileinent chiffrabbo, nous averts tenta d ’utiliser be methode do mesure des imp4dances pour
I rempiacor 00 contr8ie ( 6 )

- L ’Cprouvotte anodiaCo eat piaoee dens tine celiul . I 1 ACOU ISI TION
eiectroc~imique a trois Clectrodes contenant into R E 0 U LA11 ON I M ES U R E f~ E DONN EES

- solution do ohioruro do sodium . L ’irnped$noe eat 
i

I mesuree en fonction do la fr ~quenco (b k 1 10-3Hz ) _____________ _____________ _______________a I l’aide d’uri analysour do fonction do tranafort. ‘ R , 0 , F I~ iF impr imante
Poterttios tat i G~ -~~orr’~1 I

~~ •f I rcteirj lateur l l  R , G , F
a i I 

_ _ _I
’ ~ l’~~— ‘

IPRINCIPE DELA MESURE 
~~
°t L  iL,,>~ { i

-
I 

- 

i [~~ nvertisseur
D’IMPEDANCE F A R A D I Q U E electrod e -~~~ Ir~~~_~ I I R.G

I ~‘ ~~~~ -

electrode 
~~~~ ~e~e(~lStreur

de Pra~cil ~~I

- 

- ~~~~~~~~~~~~~~~~~ ~; ~~~~~~~~~~~~~~~~~ 
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L’ imp~danoe ~~~res.n t~e dens is
D IAGRAMME D’ IMPEDANCE 0X5 montre doux arcs

Ii see~ 1e qu ’ aux fr ~quenaes
- 4bevC.a l ’an, sel t lie A 1* na ture

£ do la couche protectrice alors
qu ’aux basses frequencea b ’impá- -
dance soit fonction des discon-

L 0 tinuitás du film pro tecteur ( 6 ).
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500 1000 1500 A .U4GI onod~soHori
temps d apparition des piqures en heures chr or-riique
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Cotte mecure n*intenant entièrement auton*tlséo pout ~tro facilement in~-roduite conine moyen do contreie

a - Induatriob.

Pious avon s montr4 , A partir do quelquea oxenpbes, los poasibilltCs des easels do labora toire. Ces essais
I doivont utibentent %tre employ4s simub tan4qnent et ccoiparü a des essais probcng~s on an*,lanoe neturobbe

(stations do corrosions marines, thdustrieiies, tropioalsa...)
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5 - DE’rECTION DE LA C~~R0SI0N

La dCte otion do be corroalon dolt atiasi ètre tme preoccupation primordials. ~~t effet, tine corrosion
dCcouvert e avint le stado do propagation sera facibement reparable. Par centre, ai be propagation sat
important., la reparation s ’avèrora difficibe, volt, impossible .

A — Initiation
La nature noua a, id , faoilit4 la t*oho puisquo be corrosion so produi t touj ours avec formation d ’ oxydsa —

abondan ta et revebateu ra .
Lea initiations do corrosion .ont done rocheroteos visuollement on a ‘aidant Cvon tusbi..ent ds boupoa,microscopes, endoscopes ..
Sent ainsi decouvertes toutos los oorrosiona suporfioielbos, piqOr o., corrosion filifonne ... stir be.
surfaces libres.
Dana lea assemblages ot boa ondroits diffloiloinont acoossibbea, la oorrosien pourra ~tro reoherch~e par
des m~thodos do centr6ie non doatruotif tellos quo be radiographic, los ultra-sons on boa oourants do
Fouoaul t .
Par exempbe, dana tine structure
sandwich, be dCteotion do la
corrosion du Nid d ‘aboilles on co R RC) s ION N IDAsiliage iCger pout s ’sffectuer par
be methods du pulse Ccho.
~~ ~~~~~~~~ soi~~6s pannsttent DeIechon par ultra sons
d ’obtenir be maximum do oontrasto
entre partie seine ot partlo oor-
rodCe.

pal peur u s s~gna I us C orrosron

h’
1 

_  _

NIDA NON CORRODE NIDA CORRODE

La presence d ’oau pout Cgalement ~tre d4teot4e par ultra-sons ou mioux, A 1 ‘aide dos rayona X.
B - Prova~~tion au soin du mat4riau

Une propagation intereristalbine on transoristali lne ost plus diffloilement detectable. Las moyens do
rochercho sent ceux employee pour lea detections ?~e oriques r radiograp~tie IX, ultra-sons, oonranta do
Foucault...
~~t laboratoire, a ete mis au point, par exempie, ut-i suivi automatiquo do orique par ultra-sons stir

L - 
Cprouvsttea do (ST.
DISPOSITIF PNEUMATIOUE DESUIVI DE FRONT DE CRIOUES PAR ULTRASONS

oscilloscope- 
- . +1sv ,~~~~~
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~
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~4u proriIdecr ique . ./ . .

~~~~~~— - --~~~~---- ~~~~~- - - ----. - - - -  ,—~~ 
— - -  -— —  --— - — I— 

~
-

? — . ~~~~~~~ —— - 

~~~~~~ 1~ ~~~ — ______  
~~~~~



______ 
- 

~~~~~~~~~~~~~~~~ ~~~~~

C — Propagation superficiebie
C ’est be oaa, par oxe,npie, do be propagation dens los assembiages coflCs. Los techniques do detection dos
d4oobboments sent id empioyCos evec succès

- -q — contrdbe au son (en tapotant b4gèreinent be surface I contrôbor)
- contr8ie A be vontouae (blmi t4e aux t8lea mincea )

I - contrOls par ultra-sons
- contrObe par resonance sonique (Fokker bond tester, Sonic resonator, oolndoseopo, sondicator . . .)
- coritrObe par methodea Eddy sonic (courat-ita do Foucault)
- contrOle par lnterf4ronCtrie hobographique
- contrOb e par los methodes thermogrephiques
- contr8io par rayons

Pat-mi toutos des méthodes, eucune no pout Otro conaideree o~ mne universelie; be ohoix do ia m~thode d4pend
do nombreux paramètros t

- dimensions ininimales du d6faut recherchC
- g4cniétrie do ia pièce
- booslisation du dCfau t (aooeasibilit4 )
- met4riau
- disponibilit4 d ’apparelbiage
- c oOt
- facibité do mice en oouvre .

11 eat parfoi~ utile d ’utiliser doux methodea do cents-Ole diffCrentos, do façon A bien d~tocter et identifier I

los corrosiona presi4neos.
F~ service, certalnes zones reoonnuee, d ’aprèa l’oxpérienoe, ausceptibles A be corrosion, seront contrObéos
périodiquemont .
Dens be cas d ’un incident sérioux stir un avion, tin oontr6be statistique sera effeotuC stir d ’autres appe*eila
du m~tne typo af In do definir al Un oontr8b e syatétnatique a ‘aver. néoeasaire .

• I 
Ainai , lea examens frequents et be ben sons pormettront be plus souvent be detection rapido ot évltes-ont • -

quo be corrosion nécesalte dos reparetiona trop coOteuaes ou provoque des accidents graves.
I 6 - C~~CLUSI0N

Ce brat aperçu do quebquos néthodos d ’ossaia mentre, s’il on etait bosom , ~a divoraité dos moyens d ’Ctuds
do la corrosion . Petit A peti t, la tni so on oeuvre de techniques sdiontiuiquea pennet I be corrosion do ne
paz demeuz’er une science e,spirique.

— / Toutefois, b ’expérionce acquise dana les divers baboratoires sore toujours d ’un précieux secours pour
1 ‘ interprCtatlon et be prevision des phénomènes .
La conparaison d’un grand -nombre d ’es~ais ot ba statistique soront nCcesaairos pour Cviter do graves

• - népriaes, en particulier pour be phase d ’initiation do la corrosion que nous n ’avons pea traitéo en dCt&ii
1 id main qui felt b ’objet d’étudos nombreuaes et variCes ( 7 ).

- Do-ut b ’induatrie aeronautique, be choix d’un matériau et d ’une protection oat Un compromis entre
- proprietes mécaniquos et masse — (~ , ténacit~ .)
- tonue A be fatigue
- tenuo au fluage
- tenue 1 is corrosion ((ST. fatigue corrosion...)
- prix do revient

Par exenpie, tine insonsibillt4 totale A be (ST pout ~tre Obtonue , sur albiege lCger A durcissomen t structural,
N par sur-revenu. Cot éta t conduit génCralement A

- tine chute des caractéristiques méceniqtioa
— une diminution de be limite do fatigue
- tine vitosse do propagation do criquos en fatigue plus importanto .

Ainsi , dens certains cas, tnt certain nlveeu do ausceptibilité A be CST devra Otre tolCré pour maintonir los
autros propriétés. Mais, pour ce faire, il eat nCcessaire do connattre parfaitement los rlsquos onoourua
ot d ’avoir tin moyen de detection off icace. Notre exposé a montre dens quebquos cas particuliera boa aoyena

- . mis A notro disposition.

~ 
Cette list. eat loin d ’etre limi ta tive, car ohaque nouveau problème do corrosion nCoessite presque toujours
be mise au point d ’un essai ot d ’une detection particulière.

-
- -. - - Retanons, pour terminer, qu ’li vatit mieux prevenir que guérir et que tons lea easels conduisent A dimifluer

- 
- trèa sensibbement be coOt de be maintenance tout on améliorant be fiabibité.

- •c_• -
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CORROSION: STUDY AND DETECTION

I- - by

M.Brunin, G.Sertour and ( Bezaud
Laboratoire Central de La

Société Nationale Industrielle Aérospatiale

SUMMARY

Two lines ot approach to the study of corrosion pheno m ena are examined in parallel: corrosion reproduction
- 

, 
I 

and acceleration tests; and determinat ion of corrosion rates.

I Accelera ted Corrosion Tests

Various types of test have been developed for the reproduction and acceleration of natural phenomena. In the
ae r o ’- , I ical field, f o r  example , salt spray, con t inuous  and alternating immersion , and climatic cycle tests are used ,
together w i t h  exposure to marine and trop ical environmental conditions . l’hese types of test are adapted in each
case to thc a , t u a l  probl em in s u l t e d .  We shall demonstrate the development ar’! util ization of these tests b y a series
of examples.

P r

Measurement of Corrosion Rates

I he i- ut ~ of corrosion is obviously a va luable tool for forecasting damage resulting from this phenomenon , and
its measurement is theref ore amp l y justi fied. We describe the methods used in this context by the Aérospatiale
Centra l Labor a tory . in p ar ticular the use of  pot entiostat ic curs es and measurement of impedance at low f requencies.
The application of these methods to the testing of anodizing demonstrates the advantage of this type of method.
In the C o n t e x t  of stress corrosion cracking, the study of the kinetics of crack propagation likewise represents a
powerful method of investigation and forecasting.

Detection Methods

Whilst visual inspection frequentl y reveals traces of corrosion , the use of non-destructive test methods such as
- radiographic , ultrasonic , holograp hic , eddy current , etc.. are extremel y valuable. On the basis of actual cases —

L encountered in the aeronautical field (intergranular corrosion and stress corrosion cracking of aluminium alloys,
- c~-n fine d atmosphere corrosion of honeycomb structures , filiform corrosion under paint , etc.) the present paper

- demonstrates the possibil ities and l imitat ions of corrosion study and detection methods.

I .  INTRODUCTION

t~ In a large number of industrial fields , there now exists a full awareness of the heavy costs incurred due to
- ‘ corrosion and the repair of damage at tr ibutable to this phenomenon. For example , the total cost of corrosion in

- - rmany for 1968 was estimated at $9 ,000 million.
C -

a
It was est imated that at least $3 ,000 million could have been saved , if more suitable solutions had been adopted.

Thu s resear,-h laboratories have been led to concentrate more and more on understanding and forecasting this
phenomenon , which has proved so costl y, with the added risk in the aeronaut ical  industry of serious consequences
with respec t to passenger safety.

— ‘
I

The Aerospat iale Central  Laboratory has been working on these problems for over 20 years. and has acquired
very considerable experience in the field of corrosion testing and detection. Some indications of this experience

~~~~~~ are given in the present paper , with  particular referenc e to ligh t alloys which are basic materials  used in the aero- - .
nautical  industry .

I

—- - - — — -~~~~~~~~~~~~ -~~~~~~ ~~~~~~~~ 
- T~~~.- -~w-~~— i_ ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘!
~~~~~ ~ ~~~~~~~~~~~~~ _!_ ~~~- —~~~ ~~_. 

- ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ — ~~~ ~~~~~~ ~~ ‘~



F~
1_•

~’
_ _

~ ~T ‘

2. TH E RM OI ) YNAMI C ANt) KINETIC ASPECTS

• Therntody namic

It is theoretically possible to forecast wh ethe r  or not a chemical  reaction can occur in the case of corrosion in
an aqueous nieijjuin, and knowledge of the thermodynamic  tension/p h diagram t P o u r h u i x  l) iagr-a m n )  enables us to
determine the possibilities of corrosion.

For example , the diagram I’or aluininiun i demarcates the areas of general corrosion and p i t t i ng  corrosion.

- 
- Pourbaix Diagram

E(v)
AI 3

~ Al 2 03, 3H 2 0 Al 02
hydrargi l l i te

— ~~~~~

- H2 2general corrosion ~~~~- -~~~ -
~
- 2

• in acid medium pi t t ing  corrosion 
‘

I (presence of CI~.)

general corrosion

in alkaline medium

2 .

2.6 
Al 

‘6

Tensi on/p H balance diagram for aluminium (wa te r  at 25° C)

Towards the highly acid pH values , there is an area of general corrosion with formation A13 ions. We can
ment ioi i  corrosion in a confin ed atmosphere , for examp le under paint (filifonit corrosion) or in the case of bonded
assemblies.

— 
- 

Over a vast range (pt 1 2 to 10), alu m inium is covered with  a passive layer of alumina Faul ts  in this  protective
layer lead to p i t t i ng  corrosion , This type of local at tack is f requent ly  encountered wi th  light alloys.

- For alkaline pH values , we find general corrosion with fo rmation of Al 02 a lumin a te  ions This t~ pc of deterio-
rat ion is infrequent  on aircra ft , but  can occur in the vicinity of the accumulators ,

- Kinetics

The kinet ics  of de ter iora t ion  of these different  pH values can be determined h~ ~lcct  ru -chemi cal me a surem ent
(in the case of the activation reaction),

,
~~J Tracing of potential amp li tude  curs- cs . d e t e r m i n a t i o n  of corrosion c u r r e n t  by e x t r a p o l a t i o n  ot Tafd

straig ht lines (Evans  d iagram ) :  measurement  of i1~~l~i r i i a t i ~~r 1 r e s i s t anc e ,  l i v e r Is Proportional to corrosion

— cu r ren t  in the majority of cases,

Trace of corrosion p o t e n t i a l  for r e a c t i v e  impedance diagrams , giving polari,ati~ n ~esistan ce Rp for simp le
cases. low frequency res i stanc e Rt being inverse ly pr oport io na l  to corrosion curr ent .  and doubl e-layer
capacitance ,

• Simple measurements  of wei ght loss f r equen t ly  give a useful indicati on.
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- Polarization Curve

1500 EmV

~~~~~~~~ 
7 600 500

/ measurement of

/ polarization 15
/ resistance

I/S mA/cm2
1 A-U4G1 in NaCI 3% + K 2 Cr 2 0, 5.10 3M

Evans Diagram
E m V

- 
corrosion potential

_

~~~~.
fr 

11OO 

ros~~n
\ Tafel law: E = a + b l o g i

1 10 l/S /OA/ c m2

Whilst these methods can be applied for general surface corrosion, their app l i ca t ion  is more d i f f i cu l t  in the case
of localized corrosion ,

As ste shall see , other methods can be used to moni tor  the reac t ion .  ln the case of stress corrosion c ra c k ing .
I propagation kinet ics  can be determined by monitor ing the progress of the cracking phenomenon ,

Reactive Impedance Diagram

G

6

C double layer capac itance

0 2~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~

electrol yte , ‘, R
C resista nce
~

- 
- Real Part (~ (

Arm co iron in sulphuric medium (according to l .F p e l ho in  l (  N R S  (~
I,

1b~~~~4 3. PRINCIPLES OF CORROSION STUI)Y

V~t i 1st it is generally possible to e ta s s i t \  the various t y p e s  of eorr,~sloii h ost cases require j i i d j v t u  c i t  s t u d y  on
-

- - 
- t he i r  own m i c r i t s .  Iw o  types  of question may be presented to the  corrosion laboratory :
I

I Selection 01’ a new ma te r i a l ,  ari d it s protec t ion
(2)  Remedial  action for de te r io r at ion  encounter e d in service.

I 
-
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In both cases, all param eters relating to the material and its environment must be considered

Parameters

J l a t erial

— Chemical composition
Metal lo grap hie s t ruc tu r e
Surface condition

- Form of part
Contact with other materials
Assembly methods

P Stresses ( in t e rna l  and e x t e r n a l ) ,  etc.

L’nrj r i,nmeni

H2 0 (am bient humidity, re tention , condensation)
02 (ventilation)
Ions (chlorides , sulphate s , n i t r a t e s . etc

- p11 t’actor
Temperature , etc.

The study can be conducted in one of two ways: - - 
- -

f- i r s! i -as s’: Selection of a new material and its protection .

~~~~~~~
LY SI S_OF PARAMET [RS

r - EXECUTION OF ALL TESTS R E Q U I R E D

MODIFICATION OF • PROCESSING OF DATA
PARAMETERS

- 
- (material, protection , environnu’nt) 

- -  

— 

.SLLLCTE ON: material to be used in condition X
— L in environment Y

Second case: Search for remedy for corrosion encountered in service.

I)

DETECTION OF CORROSION
- . I EXAMINATION ± ANALYSIS OF P A R A M E T E R S

-L - - - - . -I p~
, ‘I orrosior known I ~ pc of corrosion known Type of corrosion unknown

• Kinetics u n k n o w n  K i n e t i c s  knownC
I k - m e r i t  i - .~ r , i i  of k i n e t i c s~ Reproduct ion  t e st  - , 

-

-  Determina t ion  of kinetics

[~~j -\n-DY ]
.i~~’ ot r r t r s i on  - - 

-
~~ Deceleration of corrosion rate

r s ~-~ h eeL test

I - I l  , ~,mplmt ied  s l i , t g r a i i i s  give aim idea of the number of tests required for forecasting and

— - — —- - - — --- - — — - -—
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4. TEST METHODS

On an aircraft in service , a substantial quan t i ty  of condensate water  is presen t in the majori ty of zones (tanks ,
- sandwich structures , landing gear compartments, etc.). This water general ly has a p H value of between 5 and 9, and
I contains chlorides in all cases.

4.1 Start of Corrosion

Pitting corrosion: The ambient medium is liable to initiate corrosion by breaking the layer of passive a lumina .
This phenomenon can be reproduced in the laboratory , using for examp le the salt spray test . We use a neutral p H

I sal t spray, containing 5% Sodium Chloride at a temperature of + 3 5°C. This test is used widely for checking protective
coatings and paint. The degree of corrosion is measured against time , over a period of up to 1500 hours.

Salt Spray Test (5% NaCI)corrosion
magnitude

I 

7 poor
protection

marked 6

corrosion 

fair
I protection

low
L. corrosion 2

I 
_____________________ 

good
‘l 

/
,—

_-
—-— 

- 

protection

30 oo exposure
time (d)

A-U4GI protected by polyurethene paint coating

Fretting corrosion: I n the case of an assembly, the start of corrosion may be caused b~ fretting action rather
than the ambient medium. Micro-displacements under load lead to rupture of the passive layer , propagation then
occurring at these points by simple corrosion , stress corrosion cracking, fati gue or fatigue-corrosion. Fretting corrosion
can be reproduced in the laboratory , for examp le , by an assembly fatigue test , the assembly being subjected simul- -

taneously or periodically to a corrosive environment.

Princip le of f i l i form corrosion according to
A.W.Bethune (Boeing )

“
~~ anodic zone
4 superficial

N— pH 1.5 to 2 corrosion Al 2 03
..~-

, 
— corrosion potential — 1V/ECS

H2 0 02

Cl

C~ 
~~ in tergranu lar

corrosion paint
film

cathodic zone

I -pH 8.9 - 
-

corrosion potential

~~—0.7 V /ECS

II
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! ‘iIzJ or ,,i s orr (, sio , i  : Whil e the ambient  medi um may have a re la t ive ly  neutral  p H sa I L - . th is  is not the case for

- - confined zones um i der  the protect ive layer . for example) .  where , as we shall see below . the p11 value can become
- 
— - I 

high ly .i ci sl. ‘s c ’ take the example of fi ltfor mn corrosion , this being a super ficial a t tack wh ich can be the start  of
- - ~ in ter granu lar  corrosion tak ing ,  for example, the t’orm of threads runn ing  under the paint  trom a point of d i scont inu i ty

~ ( r ive t s , t’uselage junct ion edges).

- 
T I h i s  phenomenon ca im be repro duet~d arti fi ciall y in the laboratory . The test consists in subjecting a printed test

- piece , on which a cross has been scratched down to the metal , to hydrochloric acid vapour for a period of 30 minu tes ,
i the test piece then being placed in an oven at +40°( , with ~O relative humidi ty .

In the case of a detective protection under these conditions , the appearance and progress of filiform corrosion ,
: starting at the scratches , can be observed with the passage of time. The acceptance criterion used is that  the “threads ”

must not exceed a length of 2 mm after a test period of 40 days.

r These examples demonstrate the possibilities for laboratory reproduction of corrosion initiation.

~~

—  

INITIATION

NEUTRAL MEDIUM MECHANICAL ACID MEDIUM
- I (cx. fretting) (ex. filiform corrosion)
. ~ 4 ~- ~ PITTING RUPTURE OF SURFACE CORROSION

I PROTECTIVE COATING

~~~i ~
~ PROP AGATION

L ~ 
(or not)

~ I’ 
~ 

Processing of corrosion test data shows that init iat ion has a random nature , so that this phase of corrosion is
— ‘I- 

difficult to forecast.

, ~ 4.2 Propagation

Where propagation occurs in a ligh t alloy, it can take an intergranular or transgranular fo rm . Propagation can -

be influenced by a number of factors, among the principal of which we can mention: stress, confinement , coupling
with a different material , and metallurgical structure.

Influence of stresses : In this case , propagation takes the form of intergranu lar or transgranular stress corrosion
cracking (SCC). Methods for SCC testing have not been standardized , and a wide variety of test rigs and corrosive

- media are used. Test conditions are also extremely varied. According to Brenner i , SCC tests can be carried out
using one of two types of procedure : constant imposed load or constant distortion. A major diffe rence between

- these two types is that with constant imposed load , stress increases as the material weakens , while with constant
I distortio n , st ress corrosion cracking may not neces sarily occur following the phenomenon of stress relief. Both

-
. methods have advantages and disadvantages , and selection depends frequently on a number of considerations: cost ,

form of product , service stresses, and basic studies. Thus we find more than a dozen different types of test , using
bending, traction and polyaxial loads , with different forms of test piece , and involving elastic or plastic stresses.

Testing can be carried out on a smooth test piece, covering both in i t ia t ion  and propagation of corrosion , or on
a pre-cracked sample , for th e study of propaga t ion a lone.

-
- (a) Testing wit/i smooth test-p ieces

C- Variation in lifetime is plotted against app lied stress. As shown on facing page , this curve depends on the type
-
~ of load and test medium. The test method must therefore be selected arbi t rar i ly ,  so as to provide the simp lest and

- most easily reproducible method possible for comparative study. Following an exhaustive study on a nation-wide
., ,~j scale in France , we selected the following conditions2 :

- ‘ • Samples are taken in the short transverse direction.
• Sampk, machining: surface roughness less than 0. 7 ~u CLA (VV)

- -4  di m ensio ns of ca l ib ra t ed par t of test pieces: 0 4mm , length 25 mm.
• Surface prepar a t ion:  fluonitr ic stri pping (Al I t  standard 9050 (‘ ), one minute  insulation of pure NO3 H ( 63~~)

50 cc ’I + pure Fil (6O~~) 50 cc/ I . at 95°C, followed by rinsing with water and passivation in pure NO 3 H. The
- - I samp les must then be tested wi th i n  24 to 48 hours after stripping.

• App lication of stress (5 samples per set): reco m mended stress loads: 75 , 50 and 3(Y Rp (0.2 ) .  Stress is
-

~~ 

~, applied by a consta nt load bending device.

°i

~~~L. 
_ _ _  
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• Corrosive medium (ASTM G 44-75): solution of 3.5% NaCI prepared with permutated water (p I M~2) and pure
reagent (pH 6.4 to 7.2).

• Application: immersion (10 minutes) alternating with extraction (50 minutes), 24 hours out of 24 for 30 days.
• Micrographic examination: this is designed to differentiate between mechanical rupture resulting from the

formation of pitting, and rupture resulting from SCC.
• Ex pression of results: lifetime is expressed in days. The following classification system is also used:

A : no rupture at 75% Rp 0.2
B : rupture at 75% — no rupture at 50% Rp 0.2
C : rupture at 50% — no rupture at 30% Rp 0.2
D : rupture at 30% Rp 0.2

(b) Testing with notched and pre-cracked test-pieces

- In this case, the principle consists in using test-pieces incorporating a corrosion init ation site (pre -crack), and to
1 stud y development (propagation) of corrosion in the presence of a stress , and in a corrosive medium. In this way,
- it is hoped to avoid the random process of initiation , and to be able to stu dy cor rosion propagatio n on mate r ials
: which are insensitive to initiation (for example titanium in a marine environment).

~ .1- -: Quantitative analysis of the cracking phenomenon is achieved by using the concepts of rupture mechanics ,
whereby it is possible to associate a factor , K , expressing stress intensity at the bottom of the crack , with crack

- 
- dimensions, part dimensions , and app lied stresses.

~ ‘t ~1 Two types of test can be considered,

U - -
C da . . - -

- t~ , In both cases we can obtain diagrams for — = f ( K l )  , ex pressing the S( (’ cracking kinetics of a material
dt

da
(crack length a plotted against test time t ) .  When — —

~ 0 , KI  tends toward s a l i m i t .  K lscc.. below which
a, d t

no further SCC propagation occurs.

Practical constant imposed load tests enable us to reach the upper port ion of the diag ram , and constant deflec-
tion tests the lower portion.

H

_ _ _ _  _ _  _ _

_ _ _ _ _ _ _ _ _ _  
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These methods apply to aluminium alloys , steels , and tit anium
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V
Influence of confinement

- - (a) Within the material

Propagation in a crack frequently corresponds to confined atmosphere propagation. As shown in the diagram ,
the p H value becomes extremely acid in the bottom of the crack.

-: Confined Atmosphere Corrosion
A.W.Béthune

~ initial state
A l-.~Al 3’~ 3e  

[~~~~~~mof  
—

02 $
~ 

H2 °~~4 e~~~~ oW

- 
0,85 V/ECS

_ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _  

_ _ _ _
_ _  Al 

/

1 

O~~~~) FT~~~~~~
inai stat

’

- —  
— ‘v 

NaCI medium AI-..AI3’~+ 3e

AI 3
~’+ H2O-.~AI (OH~~ H”~

02+H 20+~~e~~”4 0~~~
ii 

:~~~~-
--

~~~~~
-

~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~ , ~~JI ~~~~~ ~~~~~~~ ~~
_ _



rrI-.-’ 5w- - --’ “
~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

( b )  On the surj i~c’e

~~e have already quoted fil iform corrosion as an example of superticial propagation in a confined atmosphere.

Another frequent example oi~ confined atmosphere propagation is the deterioration of bonded light alloy
structures ; this corresponds to:

I I )  Penetr at iun of the ambient medium in the aduesive
(2 )  Destruction of the surt ’ace oxide la ser
(3) Corrosion and propagation ot’ cracking actio n.

Corrosion of Bonded Assemblies

ions -‘ ~
-I:S - - ‘ . . .- -

A AJ’~~A

- 

_

- 1120 Primer/adhesive oxide
- 

- 
Phase 1: penetration ions or adhesive

_

_ _ _  

~~~~~ l~~~~~mum ~~~~~~~~~~~~~~~~~~~~~~~

. ~~~~ . 
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•
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Phase 2: destruction of oxide

L 
corrosion 7/

Phase 3: corrosion propagat ion

The study of corrosion propagation in bonded joints, under humid ambient conditions, has been developed by
Boeing3 - Two bonded light gauge sheets are subjected to constant distortion , using a wedge.

~~~~~~vage Test

• 
- -‘s~~~, Crack propagation ~ a is measured in a humid environment or other medium.

6

It . Resistance of Bonded Joints to Ageing (Cleavage Test) j
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We have applied this method usefull y in the case of titanium alloys.

Cleavage Test - 

-

- 

60 A 0
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0
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(c) In a joint

Another type of confined atmosphere corrosion has been observed in NIDA A-G3 (5052) sandwich structures.
I A novel form of corrosion monitoring in the laboratory has been the measurement of the quant i ty  of hydrogen given

off during reaction.

~
, I Dosage can be by chromatography. This method makes it possible to study the in flu ence of corrosion inhibitors .

-~ Release of Hydrogen According to Test Time (Distilled H 2 0)
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r • Infiuenc ’ of coupling with a different material

In badly designed joints , galvanic couples are responsible for major deterioration. It is customary to classify
materials according to their  free potential in a corrosive solution (corrosion potent ia l ) ,  and to consider the gravi ty

~~~~~~ 
of galvanic coupling between two materials as dep ending on potential  difference.

This evaluation is inadequate.  It is pre ferabl e to consider the problem in term s of corrosion current , which is
- - directl y measurable in this particular case.

- 

Current can be measured without  interfering w ith the c i r c u i t .  usim ig a nil resistance ammeter. Correlation
- - between these measurements and weight loss has been studied in detail by F .Man sfe ld4 . We have used this technique
— for the selection of l inks with compound fibre st~u e t u r e s .

.4,
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~ I Influence of metallurgical structure

In the case of an alloy, corrosion in a hu m id mediu m is always due to the ex iste nce of anodic and cathodic
zones, as wi th galvanic co upling of materials. These Zones are microscopic — :iin joints , de fined compounds , matrix
formation , etc. This is the case with the intergranu lar corrosion frequently encountered on sections in A-U4G I
( ‘2024), in state 14 (exfoliation corrosion).

~‘ I
This type of corrosion can be reproduced in the laboratory, using a cyclic acetic st l t spray test. The cycle

comprises:

45 minutes in salt spray at 35°C (5% NaCI p H 3 with CH 3 CO CII)
120 minutes drying at 60°C
195 minutes water spray at 35°C.

-. i- J In the case of sensitive materi als, ex foliation appears in a few days.

We have atte mpted unsuccessfully to app l y this test to the study of materials protected by paint. In this
L , f particular ease , exfoliatio n can be reproduced by an alternate immersion /extraction test:

im mersion: 2 hours in 3% NaCI solution (PH 8)

~~~ 
~~ - ex t ractio n : 2 hours at 35°C, RH 80 - 98% .

.,~~~~~~~ temperature 35°C

I lie t~ pes of paint app lied to sensitive alloys are thus selected by this test , limited to a period of 1500 hours.
corrosion mus t  be traceable on t he test-piece , on whi ch a cross is scratched dow n to the m eta l , prior to the t ~t.

k 
- Sli ght p i t t i ng, not exceedi ng a distance of 1 mm from the scratches , is ad missible. This corrosion is due to the

e\ is te ne e  of micro-sources , a nd it is not there fore possible to obtain a direct measurement of corrosion current. As
we have seen , we are obliged to use voltage / current curves , or impedance diagrams (Epelboin 5 ).

y The .~pp lic at i on of rea ctive i mp edance measurement to the study of corrosion has not yet been developed very
- far , but we have used t t iis method successfully for checking the anodization of light alloys. Anodi z ation qual i ty— - is generally checked by salt spray testing. This test is lengthy and results are difficult  to evaluate , and ~ e have

attempted tn replace it by the impedance measurement metho 16 .

4 

lhe  anodized tes t -p i t  cc is placed in an Lt ee tro -chemica l cell with three electrodes , containing a solution of
sodium chloride. Impedance is measured  against  frequency ( l04  to I0~~ H z), using a frequency response analyzer. 

~~
‘ 

I

a
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The impedance represented in the complex plane shows two capacitive arcs. It appears that at high frequencies ,
- the arc is dependent on the nature of the protective layer , whilst at low frequencies impedance is a function of dis-

- - 
continuities in the protective film 6 .

Impedance Diagram
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We found a close correlation between the dy n -umeter  01’ the LI - arc ( R B F )  and resistance to salt sp ray .

.~ — , impedance/Corrosion Correlation in Salt Spray (5 ’ NaCI)
p RBF

~ (in k £~) air standard
cri terion

I /
looo

V,
V

~~

S 

+

-

, 

503 

~~~ 
+

÷

. . 
~~

++ 

~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I 500 1000 1500 A.U4G1 (chrome anodization)
pitting corrosion appearance t ime (hours)

This m easu rement is n ow full y auto m ated , and could be easily adapted to the field of industrial control.
r 1

We have used a number of examp les to demonstrate the possibilities of laborato ry testing. These tests can be -

usefully applied simultaneously, and result data compared with that from prolonge d testing in a natural environment
(marine , industrial , and tropical corrosio n sta ti ons , etc.) .

5. CORROSION DETE~~ I0N

The detection of corr - sio i must also represent a basic preoccupation. Corrosion discovered prior to the
propagat ion stage can be remedied easily. On the other hand , if propagatio n is advanced , repair will be d ifficult or
even impossible.

L A — Initiation

- Natu re has helped us i n ou r task , si nce corrosion is al ways accompa n ied by th e formation of ab un da n t oxi des, -

- acti ng as a clear indicator.

The start of corrosion is checked visually, using a magnifying glass , microscope , endoscope , etc. . where necessary .
All t ypes of su rface corrosion (pitting, filiform , etc.) can be traced in this way, on free sur faces . In the case o f

I joints and other positions where access is difficult , corrosion can be traced by non-destructive test methods, such as
radiog raphic , ultra-sonic , or eddy current.

For examp le , in a sandwich structure , detectio n of honeycomb corrosion in a ligh t alloy can be achieved by the
~ . use of t he “pulse echo ” method. Carefu l calibration gives maximum contrast between the healthy and corroded parts.

1
*~ Honeycomb Corrosion

Ultra-sonic detection method

u ltra-sonic sensor ultra-sonic signal corrosion

iri
~~~~~~~~~~

Non-corro ded honeycomb Corroded honeycomb
I,

~~ 

- ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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- The presence of water can also be detected by ultra-sonic or, better still , radiographic methods.

- 
B — Propagation within the material

lntergranular or transgranular propagation is more difficult to detect. Research type methods are used for
detectio n of cracks (radiographic , ul t ra-son ic , eddy curre n t , etc.). For example , a m ethod has been developed in the
laboratory for automatic crack monitoring on an SCC test-piece , using ultra-sonics.

Ultra-sonic Pneumatic Device for Monitoring Crack Progression
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r crack profile —

recorder

Measurement system -:

C — Surface propagation

This is the case, for example, with corrosion propagation in bonded joints. The exfoliation detection technique
is used successfully in this context:

- 
— sonic testing (light tapping on the surface under examination)
— sucker test (thin gauge sheets only)

ultra-sonic testing
— sonic resonance test (Fokker bond tester , sonic resonator , coindoscope , sondicator , etc.)
— sonic eddy current methods (eddy current)
— holographic interferometer testing

,~ ,~~~~ 
— thermographic methods

- 
.,

~~~~~ 

— radiographic testing.

None of these methods can be considered of universal application. Choice of method depends on a numbe r of
parameters:

— minimum fault dimensions to be detected

I — geometry of the part
— fault location (accessibility)
— material

equipment availability
S — cost

— ease of application.

- - 

, 
I In cer tain cases it is appropriate to use two different test methods , for clear detection and identification of

suspected corrosion. In service , certain zones known to be subject to corrosion as a result of practical experience.
- are inspected at periodic intervals.

In the event of a major incident on an aircraft , a statistical check is carried out on other airc raft of the same

• 

- 
.lj 

i t ype , to de term ine whet he r a syste mat ic testi ng is necessary or not. In this way, frequent inspection and common

I,

-. 
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sense frequentl y lead to rapid detection of corrosion , thus avoiding excessively costl y repairs and the risk of serious
accidents.

- 6. CONCLUSION

This quick look at various test methods again demonstrates the diversity of corrosion study resources. The
gradual application of scientific techniques is making the study of corrosion something ot ’~er than a me re ly  empirical

— science. However , experience acquired in various research laboratories will always be a valuable standby for t i e  inter-
pretation and forecasting of corrosion phenomena.

Comparison of a large number of test results and statistics will be necessary to avoid major misconceptions , in
particular reference in the corrosion initiation phase , which we have not considered in detail in the present paper
but which has been the subject of numerous and varied studies 7 .

In the aeronautical industry , the choice of a material and its protection system is a compromise between the
following:

fR
— mechanical characteristics and mass ~~

-
~~

-- , toughness, etc.

— resistance to fatigue ,
— resistance to creep,
— resistance to corrosion (SCC, corrosion-fatigue, etc.),

I — cost price. -
I’

For example , total insensitivity to SCC can be obtained on a structurally hardened light alloy, by over-annealing.
This generally results in:

— drop-off in mechanical characteristics,
— reduction in fati gue limit ,

I — faster fatigue-corrosion crack propagation rate.

~p 
~ 

Thus in certain cases, a certain level of SCC sensitivity must be accepted in order to maintain other properties.
However , a thorough knowledge of the risks involved , and efficient detection resources , are necessary . In this paper .

~ 

we have considered some of the resources available to use in a selection of particular cases.

This list is far from exhaustive , since each new corrosion problem nearly always requires the development of a
new test and special detection method. A final thought: prevention is better than cure, and all tests contribute to
a substantial reduction in maintenance costs, whilst improving reliability.
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DESIGNING FOR CORROSION PREVENTION

R. W . Staehle
Profes sor

Department of Metallurgical Engineering
- — I The Ohio State University

Columbus , Ohio 43210

1.0 INTRODUCTION

: ~ To consider the problem implied by “designing for corrosion prevention ” suggests
an encyclopedic tour de force since we are concerned with aircraft in general and not
with a specific component . Corrosion is to be prevented or minimized in ~ variety ofcomponents: heavy structural parts, skin, fasteners , avionics , hydraulic tines , pumps ,
engine components (including blades, burners , gears , etc.), windows , gaskets , etc.
Further , the alloys utilized on aircraft include a broad range available in normal
commerce but with emphasis on the light weight materials. Further , to be useful we
must consider the type of corrosion and the range of circumstances to which the alloys
are exposed.

This discussion avoids the encyclopedic approach and focuses on some specific and
usefu l  concepts . Some of the preventive ideas ar e qui te simple and can be summarized
as follows :

1. Prevent water from staying in contact with materials  of cons truction an y
longer than necessary .

2. Avoid chlorides.

3. Avoid crevices.

4. Avoid high surface stresses.

— 5. Avoid hjdrogen in metals.

6. Avoid defects which increase the stress intensity above K for fatigue
or K1 for SCC. th

5cc

7 . Use chromium and/or alum inum in materials which get hot.

8. Keep K1 ,  
~~~~~~~~~~~~~ 

and Kth as high as possible.

9. Facilitate inspectability .

An important point of view in this discussion is that deterioration processes are
an implicit part of nature--for engineering structures as well as ir l iving systems .
Thus , rather than avoiding the problem or backhandedly tolerating it, engineers must
consciously acknowledge the inevitab’lity of its laws and incorporate allowances into
designs.

Another point of view which must be accepted is that aircraft are designed on the
basis of cyclic loading , i.e. f a t igue. Virtually all deterioration processes must
somehow be assessed in terms of their implications for fatigue--either its initiation
or propag~-tion. Naturally, the corrosion of avionics equipment is not always viewed
from such a vantage point and much of engine design is dominated by creep properties.

~~~~ Designing for corrosion prevention is prompted by a very clear incentive : Keep
the life cycle cost—-including capital and maintenance-—as low as possible without
compromising saf et y ,  reliability , or availability . These latter implications are in
fact related clearly to economics since any diminution ultimately increases the life

~~ 
-~~ cycle cost. Further , owing to the very high labor costs associated with maintenance

- :.,~~ and the generall y reduced accessibility of pa rts , any action to reduce corrosion damage
‘ is most economically incorporated into the initial design. This may be accomplished

either by a d irec t preventive scheme or by arranging the design so that roetine maintenance
• - - can he easily and confidently performed .

r s-I This discussion starts simultaneously from two points. The first: There is a
- ‘~~~~~ great incentive to carry the naximum payload with the minimum structural weight . The

second : All engineering materials are chemically and mechanically unstable, Unfortu—
- 

-
~~ 

nately , these produce opposing trends , i.e., while the former demands increasing the
load car ry ing e f f i c i e n c y ,  the latter decreases it; materials which are used to achieve

~~~~~ light weight structures tend to be susceptible to premature failure either for chemical ,
mechanical , or chemical-mechanical reasons.

The first point requires the use of high strength, light weight , and heterogeneous
materials systems. Unfortunately , implicit in the use of high strength materials is a
lowered critical stress intensity (K~ ); concomitantly, the stress corrosion cracking• c

- -~~~~ ~~~~~
— —- ~~~~~~~~~~~~~~~ - I
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threshold (K~ ) i :  usua l l y  lowered . Also , the hi gh s t rength mater ia l s  are usua l ly

more metallographically heterogeneous ; and such local heterogenities provide special
sites for ini.~iating fracture and accelerated corrosion processes.

The goal for light weight also leads to thin cross sections which are more easily
perforated . For example , a pit which may develop in a thick section may eventually be
stifled whereas the same pit would completely perforate a thin section.

Finally, the desire to optimize materials to achieve light weight gives hetero-
geneous materials systems intimate juxtaposition. Such heterogeneous materials
systems are often susceptible to accelerated corrosion. For example , aluminum-graphite
composite materials are readily attacked since graphite is an excellent cathode; cadmium
coatings have been shown to cause the stress corrosion cracking of adjacent titanium
parts.

With respect to the second point , the light weight eng ineering alloys--aluminum ,
titanium , and magnesium-—are also extremely reactive chemically. These materials , in
fact , are sufficiently reactive that they can be used as fuels for solid rocket motors .
Serious and fatal fires have occurred when finely d ivided scraps or powders of these
materials have ignited . While this high reactivity does not follow necessarily f rom
their high strength or their lightness, it does, on the other hand , substantially in-
crease the need for careful attention to measures for preventing corrosion. Pitting and
stress corrosion cracks ir~ these light weight materials can propagate as rapidly as
1-10 cm/hr under apparently innocuous conditions at room temperature.

Specific factors in the light or high strength aircraft materials which aggravate
the chemical—mechanical instabilities are the following :

1. Low standard potential relative to the hydrogen and the oxygen electrode
reactions . The values for standard potentials at room temperature are corn-
pared in Table 1.1.

2. Extreme thinness of the protective product 4yer film . This layer on
. J structural materials is often as thin as 50 A. This is a small dimension

relative to the height of slip steps on the surface.

3. Broad range of loading circumstances in aircraft together with already existing
P residual stresses.

4. Higher triaxial stresses at crack tips in high strength materials.
¶ Tils attracts species such as hydrogen which reduce strength of metal—metal

bonds and also promotes cleavage.

5. Relatively large volumes of some corrosion products which accentuate damage
e.g. exfoliation.

6. Other features of chemical reactivity which accelerate failure: high
p solubility of oxygen and nitrogen in titanium ; hydrides in titanium , high

hydrogen diffusity in steel.

7. The substantially accelerating effect which the ubiquitous chloride ions
produce in virtually all alloys. These effects are heightened by readily
available oxygen .

8. Sensitivi ty of alloys to SCC by cadmium and mercury environments.

9. Accelerating effects of sulfur in jet fuels on deterioration of turbine blades.

TABLE 1.1

Standard Potential of Common Structural Elements. From Pourbaix (1).

Element Standard Potential (volts)

Cu +0.34

H 0.02
Ni —0.25

Fe —0.44

Cr —0.91

Ti —1.63

Al -1.7

Be -1.85

Mg -2 .36

.
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Most of the preventive activities are incited by one of the reasons cited above.

To emphasize here a point of view which epitomizes the foregoing discussion: The
reason for both pointing Out and laboriously emphasizin; the inherent chemical-
mechanical instability of the materials used in aircraft is that they are in a dynamic
balance with the environment. Decay of metals is a fact of life; dynamic deterioration
mus t be met wi th an equally dynamic preventive program which is fully cognizant of the
thermodynamic pressure for return to more stable——but less structurally useful--
reaction products.

The design of aircraf t, as in the design of any other engineering device , balances
a set of desired performance objectives with the mechanical capacities of available
materials subject to modifications imposed by environmental influences. Environmentally
imposed reductions of load carrying properties are recouped to some extent by preventive
measures. The design itself produces destructive environments such as surface heatirg,
operating stresses, fuel chemistry. Other environments are generally exterior and
devolve from the varying ambients in which the aircraft is required to perform.

In order to connect failures involving corrosion processes with design action , a
distinction needs to be drawn between the mode of failure and the cause of failure .
The mode of failure involves the process bV~~F~ich the failure occurs. This may be
pitting , exfo liation , stress corrosion , etc. The cause is defined as that which can be
fixed. Thus , the mode of f a i lu re  may be exfoliation but the cause may be the lack of
sufficient inhibitive compound in the rivet hole. The mode may be fa tigue but the
cause may be improper heat treatment or a too small radius. Shah (2) has analyzed
failures from the vantage of Civil Aeronautics in Canada with respect to cause and mode
for fixed—wing light aircraft and helicopter components . Table 1.2 summarizes failures
according to node and cause. The cause in this case has been assigned to those actions
related to operating circumstances or to design .

TABLE 1.2

Summary of Failures - Components and Types (1966-70). From Shah (2).
L j Numbar of Fa i lu res  Based on Fai lu re  Mode Number of Fai lu res  Based on Assi gned Cause

C C

U III U~ U I ~Type of Component r~ ~ 5~~
Powe rplant 69 12 — 11 17 42 22 9 27 9 109
Landing Gear 30 58 5 — 2 20 22 3 45 9 95
Main Rotor Aseembly 13 9 — — 1 6 7 2 7 — 23
Propeller Assembly 16 3 — 1 1 17 — 8 4 10 21

St ructural  Members
and F ligh t  Controls  4 11 3 — 5 2 4 2 13 - 21
Tail Rotor Assembly 7 6 1 — 4 4 6 2 5 1 18
Mi scellaneous Par ts  1 5 - — 2 - 1 1 6 — 8

t Total by Type 140 104 9 12 30 91 62 25 107 10 295

• Shah’ s table indicates another trend. The relati~ ely 
1.arge number of fatigue

f ailures may be misleading . Some of these are initiated by corrosion processes, and
the assigned mode of fatigue may not be correct. Leak (3) has noted that what ends up
as being called fatigue may have been initiated by corrosion . He notes two failures

• costing $6 and 12 million respectively where the fatigue mode was initiated
by corrosion pits.

-~~~~ Another view of failure modes has been published by Speidel (4) as shown in
Figure 1.1. Here , data from 3000 failure reports were analyzed to determine the
occurrence of stress corrosion failures involviny various alloys. These reports were
taken from six aerospace companies and a number of government agencies and research
laboratories in the US and five countries in Western Europe. These statistics vary

p~ from those of Shah (2) in that SCC is a higher fraction of failures. However , the
• ‘I] primary value to be served here is to note that SCC as well as fatigue is a major mode

of failure . Speidel further reviewed the sites for initiating the cracks as well as
the type of these. These are summarized in Tables 1.3 and 1.4. Noteworthy in Table 1.4
is the high frequency of initiation of SCC failures caused by residual stresses. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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• TABLE 1.3

Initiation Sites of Stress—Corrosion Cracks in High—Strength Aluminum Alloys
From Speidel (4)

L 3 Percent

• Stress raisers due to design (bore hole , sharp radius , etc.) 25

p • Holes for interference f it bushings 15

• Corrosion pits 12

Fatigue cracks 5

Gall ing , fretting, wear 5

Intergranular corrosion , exfol iat ion 4

Not known 34

TABLE 1.4

Sources of Stresses Causing Propagation of Stress Corrosion Cracks

I in High-Strength Aluminum Alloys. From Speidel (4)

Percent

Residual stresses (from heat treatment and fabrication ) 40

Installation stresses (fit-up stresses , improper shimmin g, torque ) 25

Service stresses (amplified due to stress raisers) 25

Not known 10

2.0 ENVIRON MENTAL INFLUENCES
~~

2.1 Introduction

Selecting alloys and preventive schemes depend upon the environmental circum-
stances which aircraft experience. Designing for preventing corrosion depends
upo n a precise definition of the environment over the full range of circumstances to
which the aircraft is to be exposed . Defining these environments must include both
the adventitious as well as more usually expected environments. This section defines
the environmental dimensions in which materials should perform and which must be con—
sidered in design. A typical set of environmental conditions which must be endured is
listed in Table 2.1 from the requirements for the B—i program .
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TABLE 2.1

Environmental Conditions to be Sustained in the B—i Program

o All-Weather (MIL~-STD-2l0)

- Rain , Snow

— l — i O O % RH

— Salt Spray, Industrial  Pollutants

— Sand , Dust

— Abrasion (Takeoff , Landing )

— Fuel , Hydraulic Oil , Coolants , Sealants (Including Spillage)

- Sunlight , High Altitude UV

• 
• 

- Ground Temp. -65° to 125°F

— Short Storage : —80° to 160°F (203° F Cockpit)

o Flight Temperatures (Typical High) 265°F 390 Hrs

o Peak Tempera tures

o Life 15 — 20 Years

In this discussion of environments I am taking a broad view. Identifying environ-

— 
meats for design should be based upon the following three ideas:

1. The environment includes all chemical species to which structural materials
are exposed whether they are the obvious standard ones or are possibly
adventitious ones which , a la Murphy ’s Law , may reasonably contact the
structure . Such standard and non-standard species can arise in the atmos-
phere , therma l insulation , welding f lux , hydraulic f lu ids , sealants, etc.

2. A proper statement of the environment includes the temperature and stress
with their complex time dependencies in addition to the chemical species . The
effects of most chemical species are sensitive to and often greatly exacerbated
by increasing temperature as well as both static and cyclic loads. —

3. Defining the environment and organizing preventive procedures applies at all
stages in the life of an aircraft including : manufacture , testing , storage ,
shipping , in f l i gh t  operation , between f l i gh t s  on the ground , and repair
availabilities. Failures can , and do , occur during any of these regimes of time .
This idea I call the “Total Environment Concept.”

• •
~ 

In approaching a detailed consideration of designing for corrosion prevention , i
• have proposed a schematic corrosion correlation equation. I have also discussed the

“Total Environment Concept ” further in section 2.3.

2.2 The General Environmental Equation

‘ii! Corrosion processes are complex in their dependence upon alloy composition,
environmental composition, environmental concentra tions , phys ical arrangements , tern-

• perature , stress, etc. Developing d e f i n itive ra te laws is di f f i c ult enough for simple
• static systems where the metal and environments are well defined . Presum ing to develop

a general quantitative equation for an engineering system , exposed to environments
which are not well defined , stretches unreasonably the state of an alysis. Nonetheless ,

- 4J’( 
‘ in this case a useful purpose is served by developing a very general relationsh ip

which indicates general trends within a chemical—metallurgical framework. Equation (1) is
4~. the result of such an effort to develop a general view of corrosion problems in

aircraft applications.

-• (T) (1 + C) 
~ 

(1 + H) (1 + L) (1. + 5) (1 + P) (t) = A (1)
‘V

The quantity A represents total penetration into the metal at some time. Clearly
the detailed functional form is qualitative . There are no exponents nor coefficients.
The multiplicative arrangement——as opposed to additive--implies the interdependence

• of corrosion processes.
S

The use of the (1 + X ) form means that  when X is nul l  the attack does not go to
• zero. Further , all the X quantities are taken qualitatively as positive implying an

increase in magnitude , circumstances , or severity . A negative stress here is null.

_ _ _ _ _ _  
• 
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The constituents of equation (1) are defined Lelow .

(T) is the temperature . Virtually all the degradation processes of interest are
accelera ted by increasing temperature . Th is dependence does not apply to all metal
environment systems. For example , ~‘i l1 iarn s and Nelson (5) showed that the velocity of
SCC in high strength steel exposed to hydrogen increases exponentiall y below room
temperature and reverses this dependency above . However , the direct temperature
dependence is broadly enough applicable that it can be left as is.

(C) refers to chemical species. The magnitude of C corresponds to both the
aggressiveness of the species as well as its concentration . This term is given as
(1 + C) since pure water itself is aggressive and can support SCC crack propagation .

(H) is the concentra tion of wa ter as in hydr au l i c  fluid or the relati ve humidity .
Most corrosion reactions of interest occur in the presence of water. Rarely are there
anhy drous circumstances where corrosion of aircra ft ma ter ials occurs .  The term is
given as (1 + H) since some non-water-containing environments accelerate corrosion:
e.g. this is the case for the SCC of high strength steels in hydrogen-containing
environments such as HCl , HEr , and H2S. Also , for the hot corrosion in turbine blades

the key accelerating species seems to be molten sulfate .

(I) refers to inhibitive species which are added intentionally such as chromate
used for wet rivets. The dependence is given as 

~l ~ l~ 
since inhibitors are not always

used and since increasing the inhibitors generally decreases the corrosion attack.

(L) refers to light which , especia l ly  as ultrav iolet, accelerates the embrittlement )
of polymeric solids. Certain corrosion reactions are also accelerated by light but
these are usually not significant for metals. Light produces a secondary influence
in that the hot sun accelerates dry ing and consequent local concentration of possibly
aggressive chemicals.

(S) re fe r s  to the st ress and is given as (1 + 5) since corrosion proceed s read ily
without stress. However , stre ss accelera tes many forms of corros ion such as general
attack and pitting . Usually, stress exerts its greatest effects on stress corrosion
cracking and corrosion fatigue .

(P) refers to the phy sical aspects of the env ironment and includes physical
features associated wi th erosion , cavi ta tion , galvanic cells and crevices.

(t), the time function , includes the time required to achieve more aggressive
condi tions as well as the time over which corrosion reactions proceed .

This eight factor equation is naturally imprecise in detail and would reuuire
different functional dependencies for different alloys and modes of corrosion . How-
ever , it provides a useful means for checking on the critical factors which contribute
to corrosion processes. Sections 2.5 through 2.10 consider important components of
the equations as they apply to the various modes of corrosion .

2.3 Designing for Corrosion Prevention

Designing for many of the forms of corrosion is not performed on the same apparent-
ly quantitative basis as is structural design. But even structural design lacks
precision owing to uncertain ties in the load ing spectrum , the effect of mechanical and
corroded surface conditions on fatigue initiation , and on the complex interactions of
a large structure.

Corrosion design is based generally on two types of testing . General attack ,
pitting and crevice attack, the effects of alloy composition , coatings , joint design ,

~~~~ 

fastener configurations , and environmental compositions are evaluated using a variety
of corrosion tests which involve, usually, measuring the extent of attack over some

-~~ time period. Evaluations are performed visually, metal lograph icall y, and by weight
change. Configurations which survive the test conditions and which g ive better
performance than previous tests which already have estab l i shed correspondence wi th
flight experience are presumed to be capable of longer life . Such assumptions are
usua l ly  reason able .

To restate this mode of testing : experience in the field indicates that failures
are occurring earlier than desired; a test program is started to develop a better
scheme ; and resulting systems from new tests become the new corrosion preventing system.

Wh ile the approach described above is not precise ly  pred ict ive , it works anti
-~~~ has been accepted by the aircraft industry.

The second type of corrosion testing for developin g design bases for preventing
corrosion is associated with stress corrosion cracking (5CC) and corrosion fatigue (CF).
Here the nature of testing depends on whether initiation or propagation are critical.

_____ For determining initiation controlled processes an endurance limit type of curve is
determined for both stress corrosion crackinq and tot ieee . Such a plot for alum inum
is shown in Figure 2.1. These data provides the basis for usinq sheets of high
strength aluminum alloys with impunity in the longitudinal direction .

‘ I
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H. Figure  2 . 3 .  E f f e c t  of overag ing on the Figure 2.4. Cyclic crack growth rate as
on the velocity of stress corrosion cracks a function of hydrogen gas pressure.
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For the case of propaga n t h S C C  a n d c e ex sns i o n a a
function of time or number of cycles. The data are plotted as crack velocity vs. • -

stress intensity at the crack ti p for SCC or as crack growth rate , da/dn , (a crack
dep th , n — number of cycles) ~s . ~X (the range of stress intensity).

A schemat ic p lot for stress corrosion crack velocities in SCC is shown in
Figure 2.2. Here the designer is interested in three quantities: the threshold for
the onset of SCC , K 1 ; the plateau crack velocity; and the critical stress intensity

-: scc
tells the designer minir ’uxr  conditions for propagating cracks; the plateau

c scc
crack velocity tells the designer what is the maximum crack length which will exist
after some exposure tine. Ar. example of experimental results is shown in Figure 2.3.

In fatigue the da/dn vs. uK informatior. can be used to predict the extension of
cracks between inspection periods. The threshold for the propagation of corrosion
fatigue cracks , Kth, is often lower than and the designer is then constrained

-

• 

scc
to use such a value . Figure 2.4 shows an example of such a da/dn vs. ~K plot forcorrosion fatigue .

While the two types of testing discussed above , the exposure tests and the
mechanical—chemical tests , vary in their precision and quantitative bases for pre-
dictability , they have , nonetheless , served effectively. An equally important but
uncertain area involves improving the characterization of the operating chemical and
mechanical conditions. This area needs more attention .

Designing to prevent corrosion has deeper roots which underlie the above . I have
already noted that engineering materials are inherently uns table , and they derive their
stability from thin protective films of insoluble reaction products. The regimes of
stabil ity of these predictive films as well as the reg imes of solubility-—where the
soluble ions are more stable than the films——are summarized on plots of the pH and
electrochemical potential such as the one for iron in Figure 2.5. Here the various
equilibria and regimes of stability are shown . Also the environmental equilibria
involv ing the reduct ions of water to hydrog en and the red uction of oxy gen to water
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..~~ are shown . Corrosion will occur , as noted in Figure 2.5 , in the ranges of potential
‘1 between the oxid ation equ i l i b r i a  of the metal and the redu ct ion of env ironmental

species.

For alum inum the correlation of the potential pH diagram with solubility and
corrosion rate is summarized in Figure 2.6. The diagram at the top gives the reqimes
of therinodyrar~~c stability; and the direct measurements of corros ion  rate and s olu b i l i ty
follow this prediction.

Thus , in d e s i g n i n g  for  p reven t ing  corrosion these c~ iagrazn s are useful in pre—
dicting the regimes Cf oxidizing conditions and pH where corrosion is to be expected .
Similar diagrams for other important aerospace rraterials are summarized in Figure 2.7.
Here the regimes of passivity and solubility are distinguished. The metals Ti , Al , Mg,
Be, and Fe are the primary structural materials of the aerospace industry . Titanium
is noteworthy for the very broad range of stability of its protective film . The
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fragility of magnesium in environments is readily rationalized by the broad range of
scl -•b i lity o~ its icns. Chromium is interesting to aircraft design both because of
its use as a plating and as the chromate inhibitor . In both cases the protective

- • result is a broadly stable Cr 203. The plating produces this on its surface and the
soluble chromate icr is reduced to form the insoluble oxide precip itate. The
corrodib il i ty  cf z inc  and cadmium result  from the relatively broad range of solubility
of their  ions .

Simply, the diagrams of Figures 2.5 , 2.6 , and 2.7 provide the essential bases
for all corrosion prevention. With these as a basis other testing for rates or for
the behavior of complex materials systems takes on a s~ stcriatic significance.

The thermodynamic approach outlined abcve then m u s t  he modified to take intc
account the effects of aggressive ions such as halides. These effects are usually
investigated using electrochemical measurements where the corrosion rate in terms of
reaction current is determined as a function of the applierS potential. When the
current increases very rapidly a breakdown in the prrtectir~e capacity of the film is - -• significant. The potential at which this breakdown occurs is called the pitting
potential since this corresponds to the morphology of attack above this critical
potential. Figure 2 .8 summarises important properties associated with the dependence -
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Figure 2.7. Potential—pH diagrams for metallic elements uses in aerospace alloys.

~ ~~~~~~ of pitting of aluminum and its alloys.

The development of ailoys and the interpretation of more complex corrosion
experiments relies on electrochemical information of the type in Figure 2.8.

p - 2.4 The Total Time Concept

b ,~~~ • The anticipated service environment is often--in fact usually always——the only
r ~ one considered ~-.‘hen assessing the stability of engineering riaterials. On the con-

trary , failures of aircraft are well known to have occurred before they leave the
manufacturing areas or during shipment or storage, If an obvious failure has not
already occurred during these stages, which are preliminary or intermediate to opera-
tion , the incipient nuclei are often there. These nuclei may be either associated
with unremoved contamination or with alread y initiated defects from p itting or stress
corrosion cracking .

Designing for the environments sustained in each state in an aircraft ’s life
cycle can be organized systematically. The procedure involves identifying exp licitly
each of the stages in the life of an aircraft and subsequently defining the associated
environments. rach of these environmental sets is then considered with respect to
the potential damage ; and thereupon preventive or ameliorative action is taken .
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• solution. (b) Effect of the chloride concentration on the pitting potential of pure
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Corrosion induced failures of aircraft during these non-operational circumstances
I are too frequent to be neglected and an orderly approach to preventing them should be

~~
- . 

_

~~~ organized . The components of equation 1 can be utilized as a checklist for each
of these time regimes .

Figure 2.9 shows an example of a chart which can be used for assessing the advance
~~

- ,4 of stress corrosion cracks in a structure according to the various time regimes. The
- . chart asks the question of the simultaneous presence of stress and environment. If the

stress exists but no environment , or v ice versa , cracks will not advance. If both exist
then crack advance is possible and wi l l  accumulate  from stage to stage .

— The chart of Figure 2.9 also identifies the fact that ameliorative action could be
taken at each of these stages and requires the designer to define preventive action .

.
~ While this chart is qualitative it , nonetheless , provides a systematic framework which

- could be followed for SCC phenomena as well as being applied to other corrosion

I phenomena .
S
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TOTAL ENV1RuNflEi~T

FABRICATION TEST PACKAGL SN IP  STOR E - INSTALL TEST OPERATE SHUT DOWN

STRESS
-

~ I

ENVIRONMENT 

DAMAGE EXTENT
(CRACK

LENGTH)

CORRECT IVL
ACT IO~’I

Figure 2.9. Schematic table for arrangement of data during time regimes
L where interacting conditions can be asu,~ssed for possible initiation andpropagation of damage.

2 . ~

I Temper :~t •~r -- and temperature changes in aircraft are associated with the following .

1. From tloe ground to high altitude involves changes of perhaps +40 to — 5 0 ° C.

- • 1 2. In flig ht , surfaces suffer aerodynamic heating which increases with the speed .
This becomes a critical problem with supersonic aircraft .

- 3. Aircraft are capable of flying such long distances that they may change
arnbients substantially at either end of the flight . Upper wing surface

1 temperatures up to 108°C have been recorded in Arizona (17).

- . 1 4. Naturally, the highest temperature occurs in the eng ines but high temperature
alloys are used for these applications.

l The dependence of corrosion reactions upon these temperatures varies depending on
-. 

—
~~~ 

the mode . An example of region I and region II temperature dependence for the SCC of
aluminum is shown in Figure  2 .10 .  Here two d i f f e r e n t  ac t iva t ion energ ies  are shown for

•,~~, 
the two regions (4).

2.6 Chemical Composition (C)

The chemical compositions to which aircraft materials are exposed can be d i v i ded
app rox ima tel y into six groups . Each of these exert deleterious effects depending upon

- 
stresses , identity of the spec ies, and the concentration of the environments.

- 
,~ Before itemizing the special environments an important modifying point should be

- ~ 1 made : while aggressive species often occur in low and apparently innocuous concentra-
tions , these species can be readily concentrated in local regions. Probably the most

~~~~ 

• important of these concentrating prccessec is wetting and drying . Sites in the aircraft
structure where moisture can cc-llect and evaporate and where this process may be
repeated would be preferred locations for accelerated corrosion . 

-The categories of environments which need to be systemstxcaii y considered ar c
outlined in sections 2.6.1 to 2.6.5.
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Figure 2.10. (a) Crack velocity vs. stress intensity for  aluminum
alloy 7079—T65l. (b) Activation energies for regions I and II. From
Speidel (4 )

2.6.1 Normal Atmospheres

The most important atmospheric species are oxygen and water. Oxygen exerts its
L ~ in f luence  especial ly in local ized corrosion processes such as pitting , SCC , and

crevice attack by substan tia l ly  accelerating the total cathodic reaction . Little can
be done to prevent the effects of oxygen except to coat metals and minimize the
available cathodic areas.

In addi tion to oxygen and water the atmosphere contains acid form ing ga~ cs as
pollutants: C02, SO2, NOR . These dissolve in water , hydrolyze , and produce acidifica-

tion . Acidification accelerates general attack owing to the pH dependence of the
stabil ity of the oxide film; ac idif ication also accelerates the entry of hydrogen.

Also , in the atmosphere NH 3 and H2S may be present as a result of decay ing
vegatatiort . NH 3 is particularly aggressive to copper alloys and 112 5 accelerates
the entry of hydrogen into metal according to the well known poisoning effect.

A particularly corrosive environment occurs on the decks of aircraft carriers
powered by fo ssil f uels. The soot deposits con tain  s u l f a te and chloride . Tabl e 2 . 2

F shows the pH and sulfate from the soot of four different aircraft carriers.

Near the sea coast or for carrier based aircraft , chloride is in the atmosphere
and deposits read ily. Chloride exerts its primary effect on accelerating the localized
attack processes such as pitting , SCC , intergranular attack , and crevice cor ros ion .

• The influence of chloride on the localized attack of aluminum alloys was shown in
Figure 2.8.

-,.~~~~~ Finally, ozone , although present in small concentrations causes stress corrosion

~~ cracking of rubbers . This effect is usuall y counteracted by adding special agents to
.: the rubber to prevent ozone cracking ; but other uses of rubber may not always be so

protected .

TABLE 2.2

Stack Soot Analysis. From Brown, Shaffer, and Goldberg (18)

Carrier
• 

Bon Homme Richard 2.7 21%

Saratoga 2.8 33

Shangri-La 2.4 11

For res tal 4 . 0 11
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- 2.6. 2 N o r m a l  Internal and Operating Environm ents - 

-

A second class of environments is those fluids associated with normal operation. By
far the largest quantity of such fluid is the fuel. Here the importance of

- its chemistry depends upon whether we are interested in the fuel storage or the
burning function . For the former the primary concerns are water and bacteria; the

- problem with both may be handled by lining the tanks or by removing such species.
Spores of the fungus cladosporium resinae are often present in kerosene type fuels.
These spores , especiall y at trop ical temperatures , will produce fungal growth. These
growths tend to activate in water globules but may be eradicated by using biocides (17).

Hydraulic fluids constitute another environment . The primary concern here is the
- • presence of water.

Thermal insulation used to maintain cabin temperature constitutes a type of
I chemical environment. Here , any aggressive chemicals which are soluble can be leached

• 
;- - by condensation or by water leaks. These solutions would ac~ umuiate on adjacent walls

or at low points.

Other chemical environments tr ay be associated with sealants , machining liquids , and
lubricants.

I Aircraft arc periodically washed. These solutions may be slightly acidic or may
be basic in the range of pH 10.5 to 12. Washing solutions are usually inhibited with
silicate to prevent accelerated attack. These solutions , like the rain , will inevi—

- tably accumulate in crevice areas and their aggressiveness in such circumstances should
be carefully evaluated.

• Burning the fuel in engines produces sulfur compounds. Of the possible species
which are produced , sulfur is the most virulent and contributes to the hot corrosion
phenomenon. In hot corrosion the aggressive attack is best related to a molten sulfate
environment adjacent to the metal surface (19 , 20 , 21). The sta b i l i t y  of alloys may
then be evaluated in molten sulfate environments. In fact , the thermodynamic stability
diagram for aluminum in molten sulfate has the same chararteriptics sc that F~ r aluminum
in aqueous solutions. Aluminum , as well as chromium , is widely used as an alloy

J addition to prevent  the hot corrosion of nickel base alloys . A comparison of the  two
thermodynamic diagrams is shown in Figure 2.11. Results from corrosion tests of alloys
with and without oxides shown to be stable in thermodyn amic plots are shown in
Figure 2.12. Here , the alloys which contain species (e.g. V , N, Mo) which change the
s u l f u r  ac~~1vity to an un s t a b l e  zone of Fi gu re  2.11 b sustain accelerated corrosion .
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- Figure 2.11. Comparison of thermodynamic diagrams of the stability
of aluminum in water at left (a) and in molten sulfates at right (b)
The water developed fcr 25°C and the other for 1OCO °C. The reversal
in location of acid and basic regions arises frc’r conventions in the
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2.6.3 Personal and Cargo Environments

Accelerated corrosion as000ciatcd with toilet facilities is well known and is a
major problem in aircraft car ry ing personnel. Similar but less severe problems are

- - I associated with food service facilities.

On cargo carrying aircraft , spillage of chemicals and excreta from animals have
produced accelerated corrosion . Occasional spillages of mercury  occur when thermometers
or other mercury  containing equ ipment is broken . Normally mercury is prohibited in air-
craft owing to its accelerating effecLs ir. liquid metal cracking of aluminum alloys (23).

2.6.4 Protective Coatings

t Electrical cables and electronic gear are insulated or protected. Sulfur and
chlorine in some of these materials can b-e released upon heating . Polyvinyl chloride

S 
has been shown to be par ticular ly liable to the release of HC1.

Cadmium , which is widel y used as a protective coat ing on steel s , is inimical to
• titanium ar.d causes a type of SCC (24).

I 2.6.5 Manufacturing Environments

Manufacturing environments include cleaning solutions , machining lubricants ,
quality control such as dye penetrant and magnaglow, electroplating , weld ing fumes , etc .
A ll o f these should be caref u l ly  eval uated fo r the presence of pernicious species , e.g.

$ electrop lating solutions favor ent ry of hydrogen .

2.7 Humidity and Water (IL)

Water is a critical species in the corrosion of eng ineering materials. Its con—
tribution seems to arise principall y for five reasons:

1. The reduction of water to hydrogen (C + 21120 112 + 0 H )  is noble to most

• of the equilibria for aerospace materials as shown both in Table 1.1 and in
Figures 2.5 and 2.6. Thus , water is a corrodent.

2. Water is an electrolyte and as such can dissolve relatively large quantities
of ions depe nding, naturally, on the pH as shown in Figure 2. . This high
solubility permits the substrate t1, corrode .

3 . Water can be hydro lyzed to form acid ic or bas ic sol ut ions depending on the
e. anions and cations. These variations in pH exert strong influences on the
I 
~ solubility of metals and oxides.

4. The hydrogen which results from the reduction of ions is well known to
accelerate the stress corrosion c rack ing of high strength steel and titanium
alloys. Also , hydrogen , wh ich is produced in electropla ting solutions as a

• result of the low potentials, produces various modes of hydrogen damage .

1 
5. Water also produces protective films according to the half cell reaction:

•~ H + 1120 = MO + 211
k + 2e

While this is sometimes ben ef i c ial , it may also be deleterious insofar as the
electrochemical potential may he shifted into a regime where SCC is favored .

•~~~~ ~~
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- - - - Relative humidi ty  at f a i r l y  low values can sustain the SCC of aluminum a l loys  as
shown in Figure 2.13. While the role of water in the SCC of aluminum is not cor-~oletelyclear , it clearly functions as a source of hydrogen for the high strength steels.
Figure 2.14 from McIntyre (25) compares water , dry hydrogen , and H 2 S showing that the

- plateau crack velocity is progressively increased. The stress corrosion cracking
• 
‘ of titanium alloys in methanolic solutions depends on the presence of water as well

as NaCl——both in relatively small amounts.
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Figure 2.13. Effect of humidity and Figure 2.14. Crack velocity as
stress intensi ty  on stress corrosion a f unc tion of stress intens ity

- crack velocity in a 7075—1561 Al for a 897 M39 at 29l°K in
- I alloy . Results compared with crack environments of hydrogen sulfide, -

I propagation in NaC1 and I(i solutions, hydrogen , and 3.5% NaCl . From
From Speidel (8). McIntyre (25).

I.
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I 

Atmospheric corrosion is general ly associated with the length of time tha t the
-

, 

1~ 
RH is greater than some value above 50%; and the corrosion of lines and pumps for
nominally organic fluids is proportional to the amount of water contamination .

The pervasive influence of humidity in accelerating corrosion warrants constant

~ 
,, - efforts to either remove water , lower the humidi ty , or coun teract the e f f e cts .
“( I

2.8 Inhibitors (I)

Since the aerospace al loys are inherently reactive, espec ially in crevice
geometries , designing for corrosion prevention requires extensive use of inhibitors.

- 
Such materials operate in the following ways:

- , 
1. Repelling water from the surfaces.

- 2. Blocking anodic and cathodic sites.
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3. Reducing oxygen activity.

4. Precipitating insoluble layers (Cr04 • Cr203). See Figure 2.7.

5. Controlling the pH in the range of insolubility of the metal’s non protective
oxide.

6. Lowering the potential on the surface (galvanic protection).

7. Raising the potential to give anodic protection .

8. Restricting the cathodic sites by coating .

A variety of coatings have been developed for preventing corrosion (26—33) and
improvements in their formulat ion and application are cont inuing . These coatings are
selected for their adhesion , f lexibi l i ty, the inhibi t ive species they contain , and
their low water permeability. These c-atings , in a simple way , are three dimensional
inhibitive layers.

Chromate is widely used as a component in coatings or directly as a paint such
as zinc chromate. Figure 2.15 shows the effect of chromate on the corrosion of
aluminum in NaC1 solutions . As suggested by Figure 2.7 the chromate performs its
function by precipitating an insoluble Cr203 f ilm.

15 — — — — 
I _____

• Figure 2.15. Inhibiting 7075
alum in um corrosion in 5% sodium

- chloride concentrations . From

10 
reference 34.

15 11111
$ Percent Sodium Chromate

Wh ile Figure 2.6 shows that both decreasing and increasing the pH accelerates
the corrosion of alumin um , Figure 2.16 shows that certain ions in addition to
chromate produce significant inhibition . Disilicate is particularly effective
here.

A wide range of options are available for the use of inhibitors , and the
available corrosion literature together with predictions of thermodynamics provides
a useful  basis for  improved design of corrosion preven tion .

2.9 Stress CS)

Stress degrades metal according to two important corrosion processes: viz.
stress corrosion cracking and corrosion fatigue. Stress is part of the environment
since it is a source of mechanical potential energy just as metals in the presence
of corroding environments are a source of chemical potential energy. The role of
stress is very complex as a result of a variety of loading profiles which are sus-
tam ed over the life of an aircraft. This variety of stresses and cyclic frequencies,

S 
to say nothing of the undercurrent of residual stresses, makes it difficult to inter-

:~~ ~ pret or to assign unique contributions to the chemical environment or to the stress.

These tso processes , CF and SCC , are part of the same spectrum , and Figure 2.17
illustrates this relationship. CF approaches 5CC either along the coordinatc- of R

-
. 

•~ ratio , i.e. 
~rjn 

approaches 0max ’ or cyclic frequency. Thus , as R approaches •l ,,

°m i n  app roaches rax ’ and in the limit of R = l , °min = °max where the condition of

constant load obtains. In the dimensions of cyclic frequency, increasing ly  long

.,-

-

•
~
‘
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~
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HIGH CYCLIC F R E Q U E N C Y  ditions , i.e. corrosion fatigue
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periods approach the conditionof constant load when the length of the period approaches
the time to failure for normal static load tests. 4

The mechanical properties as affected by environments, cyclic stressing , and m i —
tiation vs. propagation may be viewed sir- . ultaneously on a Speidel plot (36) as shown
in Figure 2.18. Here , the horizontal lines refer to those processes which are
assoc iated with smooth surfaces of init i -i t lo r. processes. The sloping lines are de-

~~~~~~~~~ termined for materials with pre-existing defects. This plot also defines the reg ions

~~~~~ in which the various modes operato .

As the cyclic frequency is reduced , t h i ’  cnviro~~ ’ ntal ~nf1uences increase . Above
_____ sore limiting cyclic frequency, usually 1-10 the environmental influence is

eliminated . Figure 2.19 from Speidel shows th  effect (36). A slope of —1 usuall y 
I

implies tha t each cycle is a SCC phenomenon. Lower slopes imp ly environmen tal
acceleration but no associated SCC .
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A final influence of the mechanical—chemical interaction is associated with
wave shape of the stress cycle although wave shape is not significant in the absence
of aggressive environments nor at high cyclic frequencies. However . Barsom has
demonstrated (37) as have others following him that , in the presence of environments ,
cracks advance less rapidly as the rate of the ascending stress is increased ;
and the nature of the descending portion is less significant . This effect is illus—

.~~~~ trated in Figure 2.20.
.5. ~~

2.10 Physical Nature of the Environment (P)

- - .3..~ 
- Corrosion processes which depend to some extent on the physical  na tu re of the

environment include erosion , cavitation , and fretting .

Erosion is an increasing problem as speeds increase , fo r exa mple , with rain drop-
p -~~~~~ lets or with solid particles in turbines.

~ 
Fretting processes depend upon sl ight relative motion of adjacent parts (28) .

Fretting per se does not cause so much damage as it does shorten the initiation
• process for fatigue .

.
~

In aircraft cavitation processes apply to accelerated attack in hydraulic systems ,
especial ly  in landing gear assemblies. In piston engine aircraft cavitation damage

- ~- occu rs in the cyl inders .

• ,~ :,~
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The other part of this physical consideration is associated with the arrangement
:

6 and juxtaposition of materials. In this class of environments crevice corrosion and
galvanic corrosion belong . Two major texts have been prepared on the subject of

I corrosion processes which are associated with crev ice and galvanic corrosion process-
es (40, 41). Special care must be taken when materials of high reactivity are used
since they tend to undergo very rapid loca lized corros ion.

Crevice attack , in general , is accelerated by those geometries where electro-
j lyte is sequestered but oxygen is excluded . These geometries may result f rom hea ting

metal surfaces, under deposits , under gaskets , under insulation , or under corrosion
scale. When the environment in the crevice is a halide or sulfide , the attack is

- greatly accelerated . Designing to prevent crevice attack involves:

1. Avoiding tight unprotected geometries (i.e. crevices)

2. Reducing the size of cathodic areas.

3. Eliminating or inhibiting against aggressive species.

4. Eliminating water.

Avoiding galvanic attack means avoiding simultaneous electrical and electro-
chemical contact of materials where their relative cathodic kinetics are greatly
different . Both large cathodic areas as well as high cathodic kinetics (even on

I small areas) accelerate galvanic attack.

3.0 THE NATURE OF METALS

• Preventing the deterioration of metals depends upon a broad understand ing of the
- behavior of alloys as af fected by their pecul iar and intr i nsic proper ties as well as

• - - -; their response to outside influences. Integrating over all the properties of an alloy
- system produces a set of characteristics which are quite different among the impor tant
• aerospace alloys. Simply looking up a single property, e.g. 

~th ’ does not provide a

sufficient perspective. A major advance would be achieved if designers , operators ,
and maintenance personnel were instructed in the implications of these sets of char—

-
~~~ acteristics. To some extent , these respective sets of characteristics constitute a

personality. Preventing failure over all the time regimes in which aircraft perform
• depends upon understanding the characteristics and implications of these metallurgical

- ..$. -T personalities.

I will not deal here with quantitative aspects of these metallurgical personali-
. ties. Further , I will note only the most prominent features. I suggest

~ 
.
~~ tha t al l  personnel who , in any way,  are responsible for the reliable performance of

-l - aircraft should be instructed in titese intrinsic alloy criaracteristics.
- 1

‘
~ The d iscussion wh ich follows describes the pr i nc ipal character traits which affect
- - re l iable per f o r mance fo r h igh strength steels , a lum inum a l loys , t i t a n i u m  a l loys , and

magnesium alloys.

~~ 3.1 High Strength Steels

I 3.1.1 Martensitic Transformation

- 
-~~ The possibil ity of quench and tempering permits optimizing the strength and

~~
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toughness parameters of high strength steel a l loys .  However , th i s  property leads also
to important propensities to f a i l u r e .  Firs t , as the strength is increased , both K 1and K1 are substantially decreased . Secondly, the maximum temperature which c

5cc
can be used to bake out hydrogen is limited since a too high baking temperature wil l
reduce the strength . Thirdly,  in machining , a too heavy cut wi l l  produce local heat-
ing sufficient to raise the temperature to the gamma region ; and the large heat sink

k of the surroundings will quench this local zone to produce untempered martens ite.
Need less to say , this structure will  serve as a site for  i n i t i a t i n g  both SCC and CF.

3.1.2 Chemical Stability of Iron

The Pourbaix diagram for  iron shown in Figure 2.5 shows that iron is unstable
in water below pH 8 although , in the presence of oxygen , anodic protection operates.
Iron possesses its greatest stabil i ty in slight ly  basic solutions. Also , from the H2 0/H 2equilibrium line , one sees that iron will corrode in the absence of oxygen and
that hydrogen can be liberated when iron corrodes. This behavior of iron is decidely - -

d i f f e r en t  from aluminum and t i tanium.

In addition to this thermodynamic basis which proscribes the ranges of stability
-

- as affected by oxidizing conditions and the pH , iron also is subject to pitting in
chloride environments in much the same way as described in Figure 2.8 for aluminum .

3.1.3 Dif fu s iv i ty  of Hydrogen

Hydrogen is only sparingly soluble in iron ~~ t i~ s d i f f u s i v i t y  is very high,
being about l0~~ cm 2/sec compared with about l0 cm ’/sec for nickel
and gamma iron alloys. This high d i f fu s iv i ty  seems to account for the great sensi-

- - tivity of iron base alloys to hydrogen enthrittlement processes. This
diffusivity for hydrogen in iron is uniquely hi gh among the structural  alloys .

3.1.4 Fracture Toughness of the bcc Crystal Structure

Contrary to the face centered cubic and hexaganol close packed structures, the
[ / 

body centered cubic structure of iron has, at low temperature , a relatively low
inherent fracture toughness . While this trend is common for all high strength
materials, the lower to medium strength alloys of aluminum and t i tanium tend to be
tougher than ferr i t ic  materials at ambient conditions .

3.2 Aluminum

3.2.1 Melting Point

The low mel.tinq point of aluminum, 660 °C , eliminates it f rom appl icat ion on the
leading edges of wings on high speed a i rc raf t .  It also limits the regime for pre-
serving its metal lurgical  strength to essentially room temperature.

3 . 2 . 2  Precipitation Harder4~j

Precipitation hardening of aluminum alloys involves three important effects. 4 -

First , the SCC phenomena seems to be the most virulent  at the peak hardness condition.
Secondly , the species used to produce significant strengthening in precipitation

4 hardening all lead to generally destructive effects of corrosion . Copper, for exam-

F ple , is substantially cathodic and exacerbates pitting . Magnesium and zinc do not
• have stable protective fi lms in neutral and acidic solutions as already noted in Fig-

ure 2 . 7 .  The instability of their protective f i lms , rather than the low standard po-
• tentials, makes Al—zn—Mg type precipitates very susceptible to accelerated corrosion .

Thirdly,  the grain boundary region of the precipitation hardened material tends
~ . to be mechanically heterogeneous having large precipitates at the grain boundary

adjacent to a relatively large precipitate-free zone .

3.2.3 Large Volume of Corrosion Products

The relatively large volume of corrosion products formed when aluminum corrodes
leads to the phenomenon of exfoliation as well as to the possibility of high stresses

~~. which could be developed in crevice geometries. A schematic example of exfol ia t ion
is shown in Figure 3.1.

~~, - S I
3 . 2 . 4  Chemical Reactivity

The chemical reactivity of a luminum is characterized by the Pourbaix diagram
of Figure 2.6 . Aluminum is characterized by its corrosion stabi l i ty  in neutral
solutions and by its ins tabi l i ty  in both acidic and caustic so lu t ions .  Secondly ,
it , like the other important structural metals is susceptible to pitting in halide
solutions as shown in Figure 2.8.

L 
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Figure 3.1. Schematic view of process of ex fo l ia t i on . Here
corrosion products form at grain boundaries and corrosion
proceeds in longitudinal directions.

3.2.5 Anisotropy

When aluminum is deformed , its grains are deformed to produce highly anisotropic
L j configurations . This, together with its susceptibili ty to corrosion attack along

grain boundaries makes susceptibility to SCC and intergranular attack very directional.
Thus , the SCC resistance of alloys is greatest  in the longi tudinal  direction and

~ i. j lowest in the short transverse .

3.3 Titanium

3.3.1 Corrosion Resistance

Titanium exhibits excellent corrosion resistance primarily because of the broad
range of s tabi l i ty  of its protective f i lm as shown in Figure 2 . 9 .  In oxygenated
circumstances where the potential of the corroding surface is sufficiently high , the
protective f i lm is stable over the entire range of pH .

3.3.2 Hydrides

Unlike iron and aluminum , titanium readily forms hydrides. These appear to be
causally related to some SCC processes. Further , their presence decreases the frac-
ture toughness.

3.3.3 Susceptibility to SCC

While t i t an ium possesses great general resistance to aggressive chemical environ-
ments, it is highly susceptible relative to the aluminum and steel alloys in environ-
ments based on the alcohols and nitric acids including N204. Titanium , like aluminum ,
is susceptible to SCC in halide environments .

3.3.4 High Solubility of Interstitial Elements

Titanium d issolves large amount s of nitrogen , oxygen , and carbon relative to
aluminum and steel . This tendency leads to defective welds which may be embrittled

- - or porous. Further, the increased hardness favors coplanar slip which increases
4 susceptibil i ty to t r ansg ranu l a r  SCC .

3 .3 .5  Anisotropy

- ,i~ Ti tanium alloys , owing to their hexagonal s t ructure , can achieve highly aniso—
‘-I tropic conditions depending on the fabr ica t ion process. Since the plane for t r ans—

granular SCC tends to have a constant relationship to the basal plane, this
anisotropy can be manipulated to reduce the tendency for SCC.

3.4 Magnesium

3.4.1 Chemical Reactivity

- ~
- The applicat ion of magnesium to aircraft is prevented or greatly modified by the - -
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ins tab i l i ty  of the protective f i lm at neutral and acid pH’s as shown in Figure 2.7.
This together with the low standard potential  vir tual ly precludes these alloys for
application where any reliability is required .

4 . 0  THE APPROACH TO INCORPORATIN G CORROSION RES iSTANCE I N T O  D E S I G N

The a i rc ra f t  industry is faced simultaneously with the following inf luences  which
must be maintained in a dynamic equilibrium:

1. The high priority on safety  and ava i lab i l i ty .

2. The high capital cost for each a i r c r a f t  as well as high operating costs.

3. Operations which impose relat ively severe and unrelenting loading conditions
and which involve aggressive environments.

4 .  The use of materials which are inherently reactive chemically or mechanically
owing respectively to their low standard potentials and low threshold stress
intensities for  SCC , CF , and f racture .

In order to meet objectives of safety and avai labi l i ty ,  a set of preventive
procedures have evolved having the following elements:

1. Requiring that resistance to chemical and mechanical degradation be bui l t
into the initial design .

2. Organizing inspection procedures which will prevent failures from occurring
between inspection intervals .

3. Keeping records whose results can be dynamically fed into the design.

4. Organizing testing programs which include both large assemblies as well as
f specific laboratory testing where emphasis is placed on testing exactly
j those conditions of material and geometry which are used in manufactured

equipment.

5. Placing protective action exactly where required .

These preventive procedures are discussed in the following sections .

4.1 Specification Requirements

The American aerospace weapons program has developed a mil i tary standard ,
M IL-STD- 1568 (USAF) , “Materials of Processes for Corrosion Prevention and Control
in Aerospace Weapons Systems. ” The principal objective of this specification is to
incorporate the crit ical features of corrosion prevention into the initial design .
Important features of the specification are the following :

1. Applies during the conception , validation , development, and production .

2.  Establishes a corrosion prevention advisory board .

- . 3. Requires corrosion s ignoff  on drawings .

4.  Applies to all major  contractors and subcontractors which contribute to the
• , system .

~ .,*‘ 5. Applies to all materials including lubricants, sealants , insulation , adhesives ,
alloys .

6. Requires that explicit  corrosion control plans be submitted by contractors.

7. Requires that the contractor ’s corrosion team leader report directly to
program management.

8. Requires that careful records of problems and resolutions be kept and be
~ ,“~ fed back into design.

9. Applies to design features which exacerbate corrosion such as drainage,
crevices , residual  stresses.

10. Prohibits  circumstances which are known to be aggressive such as mercury
(embrittles Al and Ti), graphite (good cathode), and polymers which release
noxious chemicals (polyvinyl ch lo r ide) .

This specification must be regarded as an enlightened approach . It places

4, 
emphasis on both the dynamic processes of people interact ions as well  as the prohi-
bitions and caveats which have been developed in aircraft and non—aircraft technology .
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4 . 2  Inspection

As an evidence for the high value placed upon intermediate inspection , my other
paper in this  volume notes that  about 25% of the cost of maintenance is spent for
personnel who perform intermediate inspections. The relatively high mechanical-
chemical reactivity of the aerospace alloys virtually demands a thorough and regular
inspection program. Elements of such a program include certainly the following :
highly trained and experienced inspection personnel;  read y accessibility to c r i t i ca l
areas;  procedures for recording data which will permit precise interpretation as to
local cause and mode ; substan tial assura nce that loca tions which are not ea sily
inspected are safe.

4 . 4  Records

The military standard described above has resulted from the dynamic feedback
process made possible by keeping reasonably good records. This process is impl icitly
necessary for  the development of progressively more reliable and economical systems.

Clearly , in addition to keeping the records , ways must be found--as  well as improved--
for educating designers , contractors, purchasers , operators, and maintenance personnel.
A concentrated educational program is necessarily associated with keeping records .

4.5 Testing

There are two important principles in testing which app ly to a i r c r a f t .  First ,
any material which is tested and any environment selected should be exactly that which
will be experienced during operation of the a i r c ra f t . This testing needs to incor-
porate reasonable ranges as included in the concept of “worst case .”

An excellent example of inadequate prior testing was the failure of the Ti-6Al—
4V alloy in the Apollo where the alloy was to contain N204. Initial qual i f ication of
the Ti-6Al-4V was performed in green N2

04 with a high water and low 02 impurity—-both
impurities less than 1% total. The subsequent proof testing of the manufactured con—

j tam er was performed in red N,O A where the water was lowered and the oxygen was
higher—-again all the impuritte~ being less than 1%. The water concentration , in
fact , was lowered in the development of the N,,O4 prod uction in order to make a more

r - pure product—-the idea being that “pure is go~d.’ No re-testing was performed when
the change was made owing to the presumed nobil i ty of t i t an ium as well as the

‘1 apparent innocuousness of the change.  The result of this  apparent ly small change
t in the N 2OA was very rapid t ransgranular  SCC . The f i x  was simp ly to re tu rn  to the

less pure 
~2
04.

The second princ iple involves the testing of large components and full scale
testing . This permits judging the interaction processes. Such testing prevents
anyone from having to be ominscient .

4.6 Precise Location of Preventive Procedures

Much of the preventive technology in the aerospace industry depends upon the
certainty that mechanical and chemical damage starts at the surface. Thus , a great
deal of attention is given to corrosion resistance and stresses at the surface . This
acknowledgement permits the use of heat treatments wh ich are susceptible to SCC if

i - t ~ 
the stress is in the longi tud ina l  direction . Shot peening is valuable

L as a method for reducing residual stresses at the surface . The use of ‘wet” rivets
is necessary owing to crevice corrosion in the rivet crevices together with the sus—
cept ibi l i ty  to exfol ia t ion which is inherent in high strength alloys; similar protec-
tion is not required on the longitudinal surfaces so it is not used.
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(Modified author abstract) GRA of nickel-base suppera lloys The product of the reaction b.tw en

V205 and the substrates .s dependent upon the alloying elem.nts
pr.senr in rhe alloy In the absence of alloying elements auch

N74-14241~ Solar . San Diego , Calif as aluminum and titanium , the products are sa r rada t es However .
HOT CORROSION RESISTANT ALUMINIDE COATINGS OF when the alloys conta .r, aluminum and /or titanium , the product
CONTROLLED COMPOSITION FOR NICKEL BASE SUPER- of the reaction app ears to be a glass The study is related to

ALLOYS Final Report . 15 Jan. 1971 - 9 Jul . 1973 corrosion inhibitions in vanadium containing fuels in gas tu rbines
L I Victor S Moore and A R Stetson Jul 1973 220 p rots (Modifi ed author abstract) GM

(Contract NO0156.71-C-102O)
IAD -76 7728 , RDR -17 02- 3 )  Avail. NTIS CSCL 11/ 3

The ob lecti v e of the program was to develop and evaluate
i’r new application techniques and aluminide coatings of controlled

composition for improved hot corrosion resistance of nickel-base t414-29010# Central Inst . for Industri al Research , Oslo (Norway)
supera lloys Three cast nickel-base alloys were included in the RE SEARCH ON HIGH TEMPERATURE STRENGTH NICKEt
coating development program Inco 713C. B1900 and TRW BASE ALLOYS WITH SUPERIOR OXIDATION RESISTANCE
b r  NASA) VIA Procedures and techniques were developed for FInal Report. Mar. 1971 - Feb. 1973
applying modified elements of known composition onto nickel-base lngard Kv.m.s and Per Kof etad Dec 1973 41 p rats
alloys followed by aluminizing to form the beta NiAl aluminide lContract AF-AF0SR.2293-72~ AF Proi. 7312)
The modif ying elements evaluated were Cr . Co. Y, La. Nd . Gd, bA0-7789U AFML-TR-73-234) Avail NTIS CSCL 11/6
Miachmetal , Ti . Zr . Si, A1203. MgO. Mo, W , Ta. and several The properties of cyclic furnace oxidation s’~i hot corrosion
combinations of the above refractory . reactive , and rare ea rth were studied on Ni- 9Cr-6A1.(0 02-0 1IY alloys Samples of both

• metals A crucible sulfidation test (using 95Na2 SO4-SN -Cl) at as cast and wrought structures were used Continuou, wcriqht
1 7501’ was the principal screening test used during coating gain measurements and detailed structural analyses war e
development Oxidation tests at 17501’ and 20001’ and ballistic conducted . Tests in 1 atm air up to 1000 hrs at 1000C ahow
impact tests (followed by crucible sulfidation tests) were also no spal)ation At 1200C, however . spallation is occurring in
used to screen the coatings Final evaluation of s-elected addition to losses in the total weight after an initial period A
coatings consisted of hot corrosion rig tests at 165OF and 18001’, pratreatment in dry H? Ithe partial pressure of 02 must be
tensile tests at room temperature. 1400 F and 1800F . stress below the disaociation pressure for Cr2031 is shown to reduce
rupture testing at 16501’ and 18001’ and (ow cycle fatigue tests these effects A mechanism for the process is proposed and

discussed Hot corrosion tests in combustion gases hev. beenat 14001’ (Modified author abstract) GRA 
conducted mainly at 950C Metallographic analyses of corroded
samples show a catastrophic degradation of the sample. by
auffidation and Oxidation reactions A coating of C.02 or -

- - 
. N74-1523 1# Air Forr~ Systems Command, Wright-Patterson Al203 seems to be protective against combustion gases arid

AF8. Ohio Foreign Tv ,hnology Div redu ces completely the internal oxi dati on and su lf idation attacks
OXID) ZADIIJ TY OF AN-TYPE BETA -ALLOYS OF TJTANJU M at 95OC Author )GMi
AND PROTECTING THEM AGAINST GAS CORROSION
N M Fedorchuk, D. V~ lqatov , and V. B Gromovo 9 Oct
1973 10 p refs Transl into ENGLISH from the publ ‘ Novyy
Konstruktsionny Material - Titan” USSR . 1972 p 135-138

- ‘- 
S 

)A D-768432 . FTD-HT-23 -144-74 ) Avail - NTIS CSCL 11/6
The oxidation kinetics and phase composition of t he  scale N74’21119# Battatle Columbus Labs Ohio

• - - of ANS. AN6. and AN6a titanium-niobium based text - - ‘loys is OXIDATION AND HOT CORROSION OF Ni-Cr AND C -Cq
studied Alloy AN5 i s a  composite of elements belonging to the S AS S ALLOYS CONTAI N ING R A R E  E A R T H  OXIDE
Ti - Nb - Cr - Mo system In the original state t has a beta-solid DISPERsIONS FInal Report. 6 Feb. 6973 - 5 Feb 1574
solution structure , which b r e a k s  down at 85OC with the lan 6 Wnght , Ben A Wilcos , and Robert I Jeffee 11 Apr -
formation of the compound )TiNb)Cr2 The AN6 and AN6a alloys 1974 109 p refs

I’ -~~~~~
‘

are distinguished from AN5 by aluminum and boron additions (Contract N62269-73-C-0327 l
bdenum GRA (AD - 779057) Avail NTIS CSCL 11/ 6and the fact that they do not contain rnoly 

~~ ~~~~~~~ of the program were to determine the eAses,
j  of rare earth oxide dispersions on the oxidation and hot corrosion

N74-18 181~ Batteile Columbus Labs . Ohio. Metals and 
Ni-Cr. and Co-Cr-base alloys. with emphasis on alumin a

acale forming Co- base alloys The ‘exults generated are intended.
~~~~ 

-•-•i~~i Ceramics Information Center to provide a better unde standing of the compositional reQuirePROCEEDINGS OF THE 1972 TRI-SERVIC E CONFERENCE m.ntaof oxidation-resistant and hot corrosion.res,stant superalloysON CORROSION for high-temper ature service in severe ei - vironmen ts IModif,SdMurray M Jacobson and Anthony Gallecc io Dec 1973 388 p auth or abstract) GM

h~ ‘.1
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N74-34961# Sherritt Gordon M.-es , Ltd . Fort Saskatchewan of the chromia forming alloys Nichrome and Iriconel 600 Poliahed
(Albe rtal spherical samples of Inconel 800 were not corroded by the
IMPROVEMENT IN THE MECHANICAL PROPERTIES AND molten salt until structural detects we re introduced either by
OXIDATION RESISTANCE OF DISPERSION STRENGTH- abreding the surface or by application of high anodic or cathodic
ENID NICKEL-CHROMIUM ALLOYS Fina l Report. 1 Feb. currents In the salt seeded flame. the rate of corrosion was
1972 - 30 Apr. 1913 affected very little by applied currents , probabl y because of the
D H Timbres and L F Norris Mar 1974 67 p refs low current densities achievable in a flame syste m Evidence
IContract F337 15 -72 -C-  1345. AF Pro ( 7351) was obtained for a difference in mechanism between anodically
lAD 783324 . A F M L - TR 74-8 ) Avail NTIS CSCL t 1/6 and cathodically polarized Nichrome samples, ox idation being

A dispersion strengthened nickel-bas u alloy Ni l6Cr/5Al/ more pronounced at the cathode and sulfidalion at the anode
h02. exhibiting excellent high temperature oxidation resistance (Modified author abstract ) GRA

was sublected to a series of thermomechan ical processing studies
to ootimize its mechanical properties All properties with the
exception of room temperature ductility were above the target
specifications for the program Extensive oxidation tests were N16-27162# Air Force Systems Command , Wrig ht-Patterson
conducted on an alternative composition. Ni/9Cr/6A 1, with and AEB. Ohio. Foreign Technology Div
without a dispersoid )Th02( addition The results indicated that OXIDATION RESISTANCE OF AUOYS OF COMPOUND TIAI
the Ni/9Cr/6A l/2ThO2 alloy had generally poorer high tempera- WITH NIOBIUM AT 800 DEGREES AND 1000 DEGREES
ture oxidation charac er stics The mechanical properties , however , C
were found to be similar to those of the Ni/ 16~ r , 5Al/2mo2 I. A. Zelenkov 9 Dec 1974 12 p rats Trenal into ENGUSH
alloy (Modified author abstract ) GRA from Metallofrzika (USSR), no 42. 1972 p 63-86

(AD-AOO4445. FTD.MT-24 .2689-74( Avail NTIS CSCL 11/8
The effect of Ti or Al atom replacement by Nb on the

N75-1O1$2# Solar, San Diego, Calif oxidation resistance of TiAI was studied Is was found that thi
TUNGSTEN-REINFORCED OXIDATION-RESISTANT CO. concentration of niobium from 5 to 10 at % does not change
LUMSIUM ALLOYS Final Report 20 Feb. 1973 - 20 Feb. the microherdness , nor the depth to which gases penetrate the
1974 alloy. F O S
Mark .1. Klein and Arthur C Metca lfe May 7974 115 p rats
(Contract N622969- 69-C-02 18l

- — )AO-783985. RDTR- 1759-4 ) Avail NTIS CSCL 11/ 4
Optimization of the columblum alloy/tungsten composites N75.32242# Union Carbide Corp . Parma. Ohio Cs~~on

has continued for general gas turbine application in the tempera- Products Div
ture range 2000 to 2400F Majo r improvements have been made TU RBINE SHROUD ABRADABLE MATERIALS EVALUA-
in hot transverse strength. control of structural stability. lzod TION Final Draft Report
and balliatic impact strength, creep strength, hot corrosion at A. 0 Butcher and J D Grigaby Feb 1975 143 p

j
I 2200F , and therma l shock resistance These Improvements have (Contract F336t5-74-C -2026. AF Proj 3086)

been accomplished at the expense of some loss of fail-s afe life (AD -A0 10420. AFAPL -TR- 75- 12) Avail NTIS CSCL 11  6
for aeversty damaged specimens. This composite system can be Transpiration-cooled gas turbine shroud s t ruc tures  were
optimized for Specific applications by adlustme nt of the matrix designed . built, and tested The st ,ictures consisted of two
composition and selection of tungate l filaments with acif~ 

layers of porous metal attached to an air distribution substrate
properties Modified author abstractl GRA The permeability of the inner porous layer was controlled to

limit and distributa the cooling air The Outer porous layer was
made in a manner which permitted control of tx abradability
The inner porous layer was made from a nickel-chromium alloy

N75-11O90* Liverpool Univ (England) Dept of Metallurgy Ceramic protected nickel-chromium , nickel-chromium-aluminum .
and Materials Science and nickel-chromium-aluminum-titanium alloys were used in
HOT CORROSION OF NICKEL-BASE ALLOYS CONTAINING various samples for the Outer porous layer The samples were
A L U M I N U M  A N D  M O L Y B D E N U M  Interim Scientific Report , tested (or oxidation resistance , rub tolerance , and cooling
15 May 1973 - 14 May 1974 effectiveness at temperatures up to 1900F The n’~kel-chromium-
John Stringer . M E ElDehshan , a d  D P. Whittle 30 May aluminum and nickel-chrornium-aluminum-trtenium alloys demon-
1974 31 p refs strated properties desirable for this type of application GRA
(Grant ~.1 ~FOSR-2388-72 , AF Pro1 9769)
IA D-784’ - 3 2 ,  EOARD-TR-75-5 , I5R-2( Avail: NTIS CSCL
11/6

The effects of pre-sullidation in H2 - 10% H2S mixtures , N7S-103 10# Sattelle Columbus Labs . Ohio
where the sulfur activity is sufficient to form nickel and chromium OXIDATION AND HOT CORROSION OF Ni-Cr- AND Co-Cr 

-

sulfldes, on the oxidation behaviour of a series of Ni-Cr, Ni-Cr-Al , CONTAINING RARE EARTH OXIDE DISPERSIONS BASE -

Ni-Cr-Mo and Ni-Cr-Al-Mo alloys was investigated In binary ALLOYS Final Research Report. 13 Mar . 1974 ‘ 12 May
Ni-t5Cr alloy ; the presence of dispersed chromium sulfides in 1975
the alloy pre ude the formation of a continuous Cr203 layer Ian  G Wri ght , Ben A Wilcox. and Robert I Jaffee 12 May
Th. presence of molybdenum and to a lesser extent aluminum 1975 90 p refs
in the alloy increases the extent of attack after pre-sulfidation. ) Contract N62269 - 74-C - 0291(
particularly the depth of penetration of internal sulfides Neither (AD - AOl 1379) Avail - NTIS CSCc 11/ 6

• element is particularly deleterious under direct oxidation condi- The program was undertaken to investigate the effects of
tions . at least in flowing atmospheres The technique of a brief a lloying elements such as tungsten , tan talum and carbon on the‘e q pra.aulfidatiorr treatment followed by oxidation is able to produce osidation and hot corrosion behavior of alumina-forming.
corrosion morphologies strikingly similar to those observed in dispersion strengthened CoCrA) alloys , wi th the obfective of
practical hot corrosion conditions and it seems probable that developing concepts for alloys required to operate uncoated for
the role of sulfur has been underestimated in recent mecha’ristic long periods in gas turbine engines GRA
investigations Author (GRAb

N76-133O6# Systems Research Labs - Inc., Dayton Ohio
- 
.
~~~~ N75-1679641 Little (Arthur Dl Inc - Cambridge. Mass INTERNAL STRUCTURE AND PHYSICAL PROPERTIES OF

INVESTIGATION OF THE POSSIBILITIES FOR ELECTRO- CERAMICS AT HIGH T E M P E R A T U R E S  Final Repo rt .

Finel Report. Dec. 1972 . Dec . 1973 W C. Tripp. J W. ffinze, M G Mendira rta . R H Duff , and A
CHEMICAL CONTROL OF HOT CORROSION M E C H A N I S M S  30 Jun. 1971 - 30 Nov. 1974

Joan B Berkowitz anp W David Lee Apr 1974 60 p refs F Hampton Wright-Patterson AFB . Ohio ARL Jun 1975
(Contract N62269-73 .C 0288) 277 p rats

~ 
‘
~~ (AD-7 87055. A DL -1552 6 .FR) Avail NTIS CSCL l t / 6  (Contract F33615- 7 1-C- 1$4 1 , AF Pro1 7021)
-~ The affect of applied currents on the hot corrosion of nickel . (AD.A013167~ SRL-673 1~ ARL 76O 130) Avail NTIS CSCL

pure Nichrome Inconel 600. Hastelloy X , and a Co-Cr-Al-V alloy 11/2
in both sodium sulfate melts and a sodium sulfate seeded flame Investigations ware conducted on materials behavior at high
has been briefly investigated In the molten salt bath . some temperatures Topics discussed include high-temperature oxidation
evidence of anodic protection was observed with strip Samp les of silicon-base materials , high-temperature corrosion of exper man-
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Sal Ni-Cr-k alloys, transport properties of high-temp~ras ure osides . strertgth of Titanium alloys is determined . metv)lographic siudies
mechanical properties and mlcro.tructure uf high-temperature of the nature of fracture are carried out , and some forms of

- .-‘ Ti-b ase alloys, and electron - rnrcroprobe analysis of high surface protection are evaluated (cold hardening, nickel plating)
temperature materials Author Studies were carried out at 400, 350 . and 300C Alloy VT22

(4 5% All was studied in rods arid 0T4 - in sheets of three
melts (365 2 5% Al) Author

A13-37496 • # Cyclic ox idation evaluation - Appsoadsing
application conditions. C. A. Barre tt and E. B. Evans (NASA , Lewis
Reaaasclri Center , Cleveland, Ohio). American Cera,nic Society, N76-78610 Liverpool Univ (England) Dept of MeIal)urg5
Annual Mevting and irion . 15th, Cincinnati, Ohio, Apr 29M,~ 

and Materials Science
3, 7973, Paper. 22 p .6refs.  HOT CORROSION OF GAS TURBINES Interim Scientific

Review of 1000 to 1200 C cyclic oxidation testin g conducted Report , 15 May 1972 - 14 May 1973
on potential aircraft grs turbine Ni- , Co., and Fe-base alloys. Furnace John Siringer . M E El-Dahshan . and 0 P Whittle Jul 1973

13 pand burner rig testing are discussed, and the results are compasad for (Contract AF AFOSR 2388 72 1selected alloys , The alloy s tall into two groups , depending on their Cr (AD-767792 , EOARD -T R - 73-22 )
and Al contents. One group forms mainly Cr203/chromite apinel Discrepancies between early hot-corrosion models based on
scale(s), while the other forms alpha A1203/aluminate spinal sc,sle ls), su lphida tio n and more recently reported data obtained by a molten
Spelling on thermal cycling leading to increased metal consumption salt fluxing technique are discussed The hot corrosion role ot
is associated with the appearance of a chromite spinal. In the case of sulphur in the absence of salt was tested by pres ulphidizing
high-veloc ity burner rig tests this chromite forming tendency is specimens at high and low sulp hur partia l pressures and then
reinforced by Cr203 vaporization depleting Ci’ in the alloy. In both oxidi zing them Results show that certain Ieaiures of the practical
types of tests, specific weight change is used a s a n  indirect indicator hot corrosion reaction are not well-modeled by the salt-fluxing
of meta l attack , since direct metal loss measurements require model and that sulphur played a more important part than
destructive analysis. An alternative nondestructive metal loss esti- predicted Author
mating parameter , based on a tentative mass balance gravi metric

N75-72059 Battel(e Columbus Labs Ohio Me’als and Ceramics
Info rmation Center

approach, shows some potential. (Author)

PROCEEDINGS OF GAS TURBINE MATERIALS IN THEA74-23963 Heat-resistant titanium alloys - Introductton of MARINE ENVIRONMENT 11974)
the UT6S1A alloy (Las alliages de titans resistant a chaud - John W Fairbanks and Irving MachIm Jun 1975 588 p ConI
Prisentat ion de l’alliage UT651A). L. Séraphin , R. Tricot . and It. held at Marine Maritime Ac,rderny , Castine . Maine. 24 - 26 Jul
Castro (Ugine Aciert , Ugine , Savoie , France). Revue de Metallurgic, 1974 Sponsored in part by Naval Ship Engineering Center ,
aol 71 , Jan 1974 . p. 19-36. 35 ref s In French. Research supported Hyattsvrlle , Md and Naval Air Systems Command , Wash D C
by the Services Techniques dv l’Aé ronautique. (Contract DSA900 75 r..18O31

Following a review of the genera) metallurgical characteristics IAD-A013436 . MCI C-7 5-2 7(
specific of heat-resis tant titanium alloys , and a discussion of some of The purpose of the 1974 conference was to continue naval
the essential requirements for their utilization in aircraft jet engines, air and surface fleet coordination in the area of hot-corrosion

r~ the thermomechanical properties of a new alloy, derived from the research and materials developments to mitigate the problem
older TA6 ZrD alloy, are presented and compared The superior Specificall y, the oblectives are to make department of defense

intended use of gas turbine engines at sea. the mechanism ofcompressor disks. M.V E the engine life-limiting problem hot corrosion , the materials
development to combat the problem and testing conducted to
verif y the materials Selection Topics covered include service

hardenability of the new alloy is shown to suggest its use in personnel , contractors and interested individuals aware of the

A76-17174 Na2SO4- and NaCt-,nduced ilot corrosion ~f eapenence in the mari re environment , mechanism of hot
six nickel-base superal loys. V Bourhis and C. Saint John (Paris , Corrosion , developments in materials and coatings test and
Ecole Narionale Supérieure des Mines, Corbeil-Essonnes , Essonne , evalua ’r’nrr of materials and coatings
Franc e) .  Oxidation of Metals , vo1 . 9, Dec . 1975 . p. 507-528. 16 reft .
Research supported by the Delegation GCnCrale C Ia Recherche

76-01001 cincinnati Univ - Ohio Dept of Materials Science
Scientifique et Technique

The short-time hot’corrosion behavior of si r industrial nickel- and Metallurgical Engineering
- ‘- ~ , base tupera) , ys was investigated with static deposits of Na2SO4 or BASIC MECHANISMS PROVIDING OXIDATION RESIST

NaC) or both in still air The oxidation kinetics and scale morphol- ANCE IN STRUCTURAL METALS AT HIGH TEMPERATURES
ogies were measured with traditional laboratory techniques - thermo- Final Report , 20 Feb - 20 Dec 1972

.
~1

balance , metallography, electron microprobe , and X-ray analyses. Rosa J Casrmir Feb 1973 47 p
Susceptibility to hot corrosion was found to be correlated to the (Contract N00019-72 C-01 86 (
type of scale produced during simple oxidation , Alloys forming an lAD~758o97. NASA -0186 31
A)203 scale were found to be susceptible to Na2SO4 deposits . The purpose of the study was research of a fundamental
independent of their chromium conte -’t . The quantity of Na2SO4 nature in order to further our knowledge about hmg h.- temper ,rtui.’
deposit dictated the nature of the attack and , under certain oxidation behavior of structural , titanium- base alloys operating
condi tions , the refractory element allo- , add itions appeared to play above 900C Oxidation characterist ics of T i-4 32 wt % Cb and
an essential role. Alloys containing Cr203 or T i02 in the simple T r-4 37 wt.% Ta alloys are reported for th3 temperature range
oxi dation scale proved to be sensitive to NaCI attack . Again , the 1000-1200C - The influence of oxygen pressure of 10, tOO , and

sever i ty  of the attack within the susceptible alloy group was not 760 torr on she oxidation kinetics of li-4 37 wt % Ta. as we))

related to the chromium or titanium content. Although less intensive as sintering effeczs in the osrde are also investigated The ox idation
‘ V than the Na2SO4-induced hot corrosion , NaCI contaminations behavior of Ti’4 32 wt ~ Cb in dry . oxygen and air at 1000

provoked extensive spalling. All of the hot-corrosion types err- and 1 100C is reported Author

countered in this study were interpreted in the light of esittmng
theorres (Author)

- ~~ 7$-010~~ S F A F lnc , Pensacola, Fla
N75- 71642 Air Force Syvmems Command. Wright-Patt erson AFB , SUMMARY OF 500 HOUR CO2 SCALE INHIBITOR TEST
Ohio IN A IOgph R E C Y C L I N G  FLASH EVAPORATOR

~‘ S T R E S S  RUPTURE STRENGTH OF TITANIUM ALLOYS Dec 1973 27 p

~~- li UNDER CONDITIONS OF THEIR CONTACT WITH SODIUM (Contract NOO600-73-C-O471(
C H L O R I D E  lAD 781993)
N C Plekhanova Oct 1973 9 p Trans ) into ENGLISH from The report summariz es the results of a fifty hour test to
Mono Novyr Konstrukt Material Titan 1972 p 183 ¶86 determine the feasibi lity of usin g C02 gas to prevent scale
(AD-77 0935,  FTD- HT-23 . 155 741 format ion in a high te mperature desalination recyclrng flash

In this work the effect of Salt corrosion on the stress rupture evaporator The testr . show conclusive results that C02 can
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prevent scale formation on Titanium surfaces at temperatures
above 220F and increase heat t rans fe r  rates 25% above
conven tional Cu-Ni surfaces The tests also conclude that the
C02 requirement is well within the CO2 recovery rate
experienced aboard submarines Modified Author Abstract

76-010w Naval Ship Engineeri n g Center Hyattsv i l le Md
PROCEEDINGS OF GAS TURBINE MATERIALS, 1972
Charles L Miller Oct ¶972 1 78 p Conf held at Naval Ship
Engineering Center Hyat t sv if l e  M d Oct  1 9 7 2  See also
AD -AO 13436 , Jun 1975
IAD-AO 16684)

This conference was organized to provide a lorum for
technica lly responsible representatives of govern ment and induslry
to discuss the many facets of su)ficlation corrosion and methods
of reducing its effects The major  problem encountered in
operating gas turbrries in the marine environment is sulfidation
which lir ,, its engine life and res t i i c ts  perloimance improvements
Sulfidation is also a sojii fi~.,iiit problem wiih naval aircraft  let
engines Programs of Comrrrorl interest to surface ships and aircraft

— I include accelerated salt ingestion testing non destructive tes t
techniques , and reprocessing of air cooled blades and vanes
Materials and coatings whi ch ameliorated engine resistance to
the sulfid mzi ng environment were discussed Testing ten ni nines
to determine sulfrdation res is ta i i n  e and engine life were
presented

76-O10~~ Air Force Systems Corr,mand , Wright Patterson AFB
Ohio Aerospace i tes r’a r- - L abs
DEGRADATION OF Ni-8Cr 6Al AT 1000 C IN GASEOUS
ENVIRONMENTS CONTAINING CARBON OR SULFUR
H C Graham A Hampton and H H Davis Ji 1974
22 p Pub in Proc of the Intern Symp on Melal Slag-Gas
Reactions and Process Toront o (Ontario L May 1915
p 163 - 783

r ~~F Proj 10211
A0 AO1 782 1 ARL 75 02401

n r ‘ As part of a large ,, ~,.Jiaiii to characteri ze the hot-corrosion
behavior of Ni 8Cr 6A1. this alloy was exposed to CO/0 45 v/o
C02 and 112 5 18 o 1125 gas mixtures at 1000 C and 150
b r ,  tot al press..ae The behavior in ti e mixtures is comi
with the ro~ i.nlt s for normal oxidation 1021 and Na2SO4-coated
oxi dation In 1-4 2 H2S the degradation of the alloy nrateria) is
shown to be extensive , with various sulfides -including liquid
nickel sulfide - - being formed Likewise , the alloy integrity is
attacked in CO 1’ C02 by the rapid formation of grain-boundary
and intragranular chromium carbide The effects of such alloy
a lteration on subsequent oxidation resistance arid, or mechanical
integrity are discussed Author

r C j
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through a radial inflow turbine are presented. The study reveals the02 nature of the impacts that occur within the turbine and indicates
which surf aces are expected to exper ience the most severe erosion , In- -I

E R O S I O N  A N D  CAVITATION addition, a dimensionless parameter is derived which can be used
during preliminary design anra l ysis to indicate the sizes of the

- particles that will be mos t damaging to the turbine, (Author)

N73-23661# Pratt and Whitney Aircraft , West Palm Beach , 
A75-46883 in Study of cavitation erosion ri aggressive mediaFla Reae.rch and Development Center

EROSION RESISTANT COATING FOR TITANIUM Finel (Issledoeanie kav itatsionnoi erozii v agress ivnykh sredakhl, L D.
Report, 30 Jun. 1971 - 30 Jul. 1972 Gavri loea , L - P. Knav tsosa , A, F Potapeniko , and F. S. Chistiakov ,
William J McAnally. III Jan 1973 88 p ref* S,ai rio/e tostroen ,e, Tekhnika Vozdudtnogo Flo ta , no 37 , 1975 , p.

- (Contract DAAG46 -7t- C-O 173, DA Prol 1TQ-62 105-A-328) 4043 , In Russian,
(AO-758276 , PWA-F R-5243, AMMRC -CTR -73-6)  Avail NTIS Experimental results on the nrnsis t ance of several materials to
CSCL 11/3 cavitation in magnelostrict ion devices at 20 kH, are reported

The obieci ve of the ptogram was to develop the application Experiments were conducted with nitric , sulf uric , and h ydrochloric
of T IKOTE-C on the Ti-6A l-4V alloy with minimum degradation acid, hydrogen peroxide , and kerosene, Cavitat on and corrosion
of mechanical properties The ap~.nroach for accomplishing this losses are compared. It was shcwrr that materials with low corrosionoblective *as to protect the tita n ium microstructure with an resistance are especiall y l ia ble to cavitation destructio n , P T ,Hintermediate nickel barrier . as well as to provide a ductile layer
which might inhibit crack propagation In addrtion, embritt ling
effects due to gas absorption during the coating process were
minimized by using a lower process temperrture The program 76-02001 Catholic Univ of America , Washington D C Inst
was divided into two malor categories Ill T IKOTE-C coating of Ocean Science and Engineering
application development, and (2) extensive mechanical tests A CAVITATION EROSION-CORROSION MODELING
brief evaluation of the fatigue characteristics and erosion resistance Terence McGuinness and A flniruvengadam 1974 21 p Pub
of nickel-plated and titanium dibor ide-coated titanium test in Am Soc fon Testing and Materials , 1974 p 30 45 Rept
seecimens was made, (Author Modified Abstract) GRA no ASTM-STP-56 7

(Contnact N00014-67-A-0377-0008 NA Proj 062 436 1
IAD -A0 1O697 . ASTM - ST P-567 1

I Due to tire increased occurrence of cavitation erosion in
N74-10263# Michigan Univ . Ann Arbor Dept of Engineering hydroi.~~rn amic systems operating in an oceans environment, there

.5, ) Mechanics is a need to study the role of corrosion on the process of
ANALYSIS OF RAIN EROSION OF COATED MATERIALS cavitation erosion Prev iously for noncorrosrve systems . correlation

L J Technical Report. Jun. 1972 - Jun 1973 of experimental dat a with the theory of erosion resulted rn a
George S Springer . Chen - l Yang, and Poul S~ Larsen S~P time- scale modeling law of erosron The changes in this scaling
1973 72 p refs law due to corrosion were then investigo ’ ’.d A high-frequency
(Contract F336 t 5 - 72 - C -1 563 ,  AF Prol 73401 20 kHz . piez oelectric vibratory appara tus  w a s  employed to
iAD-769448 , AFML T R - 7 3 - 2 2 7 l  Avail NTIS CSCL 11/3 generate erosion ti me history dala for HY- 130 Hy-BO SAF 1020

The behavior of coat-substrate systems sub)ected to repeated steels , and Al 6086 Hi l l  at several different erosion inmensi t ies
impingements of liquid droplets was investigated The system in sea and distilled wa ter Results indicated that the relative
studied consisted of a thick homogeneous substrate covered by erosion rate curves for materials susceptible t o coirosion were

Based on she uniantia) stress wave model , the variations of the increasing erosion intensities By coupling cha ges in c o r r o s r v n~
~ a single layer of homogeneous coating of arbitrary thickness different , and that the changes due to corrosivity increased w ith

stres ses with time were determined both in the coating and in wit h maximum eiosron nate rncreases and t mes to the maximum
, the substrate Employing the fatigue theorems established for rates . it is possible to make prototype performance predictioiis

the rain erosion of homogeneous materials . al gebraic equations for e i ther  seawater  or distilled water conditions Qualitat ive
we’e derived which describe the incubation period , and the mass relationships were found between the e l i n vn- erosion rates and
loss of the coating past the incubation perrod , in terms of the galvanic potenmia ls Cr4 lested materials A mechanism - was proposed

i’ properties of the droplet t he coating and the substrate The to account for the corrosive influence on erosion based on
results were compared to available experimental data and good hydrogen-generated micropit destruction of a material surface
ag reement was found between the present analytical results and that accelerates cavitat ion erosion Author
t he data The differences between the uniasia) stress wave and

I the uniasial St rain wave models were also evaluated by calculating

I 

according so both models Ia) the ~rress at the coat liquid interface
lb) the stress that would Occur in the substrate in the absence
of the coating, and Id the stress in the coating after the first
wave reflection from the substrate Author (GRAI

.
,‘ j

f

A75-31858 x Damage of aircraft gear-pump casing by pitting
.1 erosion (Uszkodzenia korpusow Iotniczycfs pomp zebatycfi przez

erozle kawitacyjna). J. Kowalski, Techrmika Lotnicza i Astro-
~
. “

~~w- nautrerczna, vol. 29 , Apr. 1975, p 16-18 , 8 refs. In Polish,
The purely mechanical , purel y chemical , and mechanico-

chemical aspects of a corrosion theory for gear pumps of aircraft
hydraulic systems are examined. It is shown that the mechaniam of

- ‘Fi’ ’. pitti ng erosion is quite comples and that i t  depends to a great degree
on such factors as the phyx icochemical state of the working fluid,

~~ contamination by mechanical impurities , and the temperature. Means
of eliminating pitting are examined. V P .

5 ’
. I

A75.33938 The dynamics of atmospheric dust par ticles in

a., aircraft auxiliary power radial inflow turbines. W. B. Clevenge r , Jr .
and W Tabako ff (Cincinnati , University, Cincinna ti , Oh ii,, i ,

Amer ican Inst itut e of Aeronautics and Astronautics , Fluid and

Plasma Dynamics Conference , 8th . Hart fo~~, Conn. - June 16-1 8,
5,. 

5, Paper 75- 844 12 p.9 refs NASA supported research19 
The results of analytical and experimental studies of the

~~~~~~~ tra) ecto n ie s that atmospheric dust particles follow as they move

•
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O3 A75-44560 Advances in engine manufacturing production
tachniques. R. Scha rwachter Interavia. vol. 30, Apr, 1975, p. 358,
360

M A N U F A C T U  R I N G  P R O C E  SSES Malor product ion techniques Th joining, machining, end turlace
treatment of aircraft eng.nes art described, and general guidelines are
given for their use in the production of individual components-

N76’30165# United Aircraft Corp , Strat ford. Conn Sikorsky Current welding procedures, cutting methods, electrochemica l arid

Aircraft Div electroerosion milling processes , and flame amid plawna coating
FABRICATED HELICOPTER TRANsM ISS;o N H O U S I N G  techniques are outlined, C,K.D.
ANALYSIS Final Report, 18 Dec. 1972 - 18 Oct . 1973
Alexander Korzun and Stephen Schuman Jan 1975 298 p
(Contract DAAJO2-73-C-0022 ; DA Prol lF1.622O3-A 1 19)
(AD-A 008995 , USAAMR DL-TR-74-14 ( Ava il NTIS CSCL N75-78389 Aim Force Systems Command . Wrig ht-Patterson AFB
2 1/ 5 Ohio Foreign Tech Div

The helicopter transmission housing study provides a THE WELDING AND BRAZING OF THIN WALLED PIPES
transmission housing design superior to tee conventional A M Kitaev end A Gubin Oct 1973 142 p Trans) into
magnesium cast housing The new design is a welded steel ENC- LISH from Mono Svarka i Paika Toiskostenny kh
fabricated truss-like structure,  corrosion resistant, and not Trubopnivodos . N P - 1972 p 1-133
susceptible to creep The aircraft selected for this study was FTD Proj 60108, FTD Proj T72 -0 1-4 0(
the U S  Army CH.54B helicopter The new fabricated truss- IAD-1688O6. FTD- MT-24-7 19 73)
like housing was designed to be interchangeable with the present Contents Genera)  information on pipes , methods and
CH-548 magnesium main transmission housing. It meets alt technology of pipes welding. methods and technology of pipe
the interface and functional requirements of the cast housing brazing. pipes of aluminum alloys with steel connecting parts
design Loads for flight and crash conditions. as well as stiffness surface treatment of pipes, Strength of welded and brazed pipe
cr i t e r ia ,  w e r e  developed to permit Structural analysis and loints . and increasing pipe strength
comparison with the existing casting design GRA

N76- 1 1236# Fnanktord A rsenal , Philadel phia . Pa
I THERMOM ECHANICAL PROCESSING OF ALUMINU M

ALLOY INGOTS
J Walclrnan . H Sulrnski . and H Markus Aug 1975 37 p
,efs Presented at the 2 1st Sagamore Army Mater Res Conf .

L. - 
Sagamore N V . 1 3 1 6  Aug 1974
IDA Prol 1T1 62 105-AH 85l
IAD .A01498O, FA TA-75052 1 Avail NTIS CSCL 11/6

The Materials Engineering Division at Franlnford Arsenal is
involved in an extensive research effort aimed at upgrading the

1’ engineering properties of wrought high s t e ngth 7000 series
aluminum alloys through thermomechanical processing of the

S.. ingot material The development of two new ingot thermomechani-
cal processi ng techniques. ISML-ITMT and FA-ITMT . is presented

I The effects of these techniques on the recrystallization behavior.
qrains morphology tensile properties . fracture toug hness and
stress corrosion resistance of high purity 7075 alloy sheet and
plate is presented The recrystallization of 7075 alloy into a fine
grarned material was found to be controlled by the distribution

nt’ of the ma4or alloying elements . Zn. Mg and Cu, as well as by
Ihat of the ancillary element , Cr The results showed that for a
given standard temper , i e - T6 . T76 and T73, high purity ITMT

I processed 7675 alloy has finer grain size , equivalent strength
and better ductility. fracture toughness and stress corrosion
characteristics than commercial 7075 alloy The work also showed
that high purity )TMT processed 7075 alloy in the FTMT temper
Ia temper involving a deformation stage between an initial and
a frna ) artrf rcia l aging stage) has higher strength , ductility and

I fracture toughness than commercial 7075-T6 alloy
Author (GRA )

-
~~~ A7423962 Recent developments and Utilization criteria

of titanium alloys in the aircraft industry (Développements récent s at
cTit~res d’emp loi des atliagex de titane pour I’industeie aeronautiqus).

~~ R. Molinier , L. Séraphirs , R , Tr icot and R. Castro (Llgine Aciers,
- ~~ . Iigine , Savoie , France), Revue de Meta llurgic , vol. 71 , Jan, 1974 , p.

‘
~~ 1 - 11.40 refs, In French ,

Recently accomplished titanium technology advances conducive
to expanding application opportunities and improved titanium-alloy
performance in aircraft engines arid airframes are examined in light
of the basic criteria governing the utilization of titSnium in these two

- 
- ge~ important application areas , Prospects of further progress are

reviewed, along will, future titanium-alloy utilization trends . M.V ,E,
a

-a,

I 
~ ~, A74-23967 Utilization ~f titanium and its alloys in the

— manufacture of helicopters and airplane frames (Ut ilis ation du t it ne
~~~ et de set alli ages dans Ia fabrication des hélicoptarex ef des callules

d’avions ), A , Bourgeois and G. Sertour (Société Nationale In
dusfnielle Aérospatiale , Suresnr’ l’Iauts 5k Seine , France( Revu e de
Metallurgic , vol 71 , Jan 1974 , p. 87 98 In French ,

in’
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F, 04 korrozlonnogo poi’azhenlia tonkostannykh .lamantov kon~~ukU.i
metodom piod.eliv iiie), A. M. Vorobeikov and V. A . Gorodetskii
(Kievskii Institut lnzhenerov Grazhdanskoi Aviatsii, Kies , Ukrainian- NON - DESTRUCTI VE TESTI NG AND SSR , F,ziko-Khdmicheakara Mckhanika Mat.r,alov, vol . 9, no 2,

INSPECTION 1973, p. 96.98. In Russian.
Description of an apparatus designed for the evaluation of the

extent of corrosion damage in thin-walled structural elements by
measuring the force required for piercing an element wal l area with a

N74 - 1728 2#  Grumman Aerospace Corp . Bethpage . NY punch. A corrosion damage measurement technique using this
Research Dept apparatus is proposed as a more practical substitute for techniques
DEVELOPMENT OF A NUCLEAR MICROPROBE TECH- involving destruction of specimens. V Z
NIQUE FOR HYDROGEN ANALYSIS IN SELECTED MATERI-
ALS Final Repo rt . 18 Apr. 1972 - 18 Ju l. 1973 

( ,~Gerald M Padawer and Philip N Adler Oct 1973 95 p refs A75~38629 Possibilities concerning a use of boreacope( Contract N00019-72 - C 0404 1
(A O-77O8 56 RE-464( Avail NTIS CSCL 11 , 6 inspection methods in nondestructive material testing and the

The Lithium Nuclear Microprobe (LNM( has been developed significance of these methods lMoglichkeiten der Boreicope-
to the point where it now is a unique and reliable nondestructive Untersuchungsmethoden in der zerstorungsfreien Werkstoffprufung
tool for the measurements of hydrogen concentration depth profiles und deren Auwagekraft ( - H - -G. Str aat mann IL ufti r anspor
in material surfaces The hydrogen concentration calibration Unmernehmen GmbH , Dusseldorf , West Germany) (De utsche
was performed using hydrogen-in-titanium NSB standards and Gesellschaft fur Zer ’vro r ’ungs f reie Pr i i fve r f . i h r er i , Vorti’ags magu ng iMpn
Kaptors , a polyimide film Hydrogen surface concentrations were Zerston,ingsfreie Mate r ia/p n i f unrg , Ber l in , Wesr Gerr ria riv May 5 7,
measured in cadmium and chromium plated D6AC steel samples , 1975, ) Materia/ pruihirrg, vol . 17 JuIy 1975 , p 270 , 22 1 In German
smooth and fractured T i’6A )-4V surfaces that had been exposed Industrial glass-fiber bomescopes are used for the examination of
to a stress corrosion environment . and smooth surfaces of cavities in the case of accessibility di f f icul t ies The employment of

r stress corrosion Hydrogen concentration depth profiles were aircraft engine is discussed The engine consists of fur d

7075 aluminum alloys that had been exposed so conditions of the borescope technique in the case of an inspection involving an

measured in cadmium plated D6AC steel and 7075 aluminum modules, Openings for borescope inspection are provided in eachalloy sampl es Very high hydrogen concentrations found in these module G Psamples we re linked to mechanical property degradation and
corrosion Thus the LNM has emerged as a proven . currently
unmatched, diagnostic technique for accurate in situ measure-
ments of localized hydrogen concentrations (Modified author 76-04001 Edgewood Arsenal , Aberdeen Proving Ground , Md
abstract ) GRA USING EDDY CURRENTS TO DETECT INTERNAL

CORROSION IN CHEMICAL MUNITIONS Technical Report .
Jan, 1972 - Dec. 1973

j Ronald L Fra il er Aug 1974 23 p
N 75-14752# Radio Corp of America, Burlington . Mass IDA Pros 5721247)
Aerospace Systems Div lA O- 786 522 . EP-TR-74 039 1
INVESTIGATION OF INSPECTION A I D S  Final Report . A number of chemical munitions are housed in thin-walled
18 Apr. 1973 - 24 May 1974 aluminum containers which could be sub)ected to corrosion from
Richard L Calhoon , Fred W Hohn , James A MeNamee Bruce the chemical agent they contain This prolect resulted in the
B Wierenga, and T N Cook Jul 1974 199 p ref s development of an eddy - current ir’ispect iorn method to detect
Contract DAA JO2 73 C 0059, IDA Pro1 1F1 62205-A 119031 internal corrosion in thin-walled chemical munitions The method -

l AO  787333  U S A A M R D L - TR - 74 - 44l Avail NT IS CSCL can be used for ludging shelf life of munitions susoected to
5 ‘~~ contain progressive corrosion and for dim inatrng potential

The investigation of inspertuon aids was performed to identify leakers
specific inspection requirements and recommend relatively small
aids or inoic ators, current or comrceptua l that will enhance the
troubleshooting inspection pieventive maintenance process for
Army helicopters Inspection requirements and pr ocedu -e. for
s ix helicopter types AH 1 , UH 1 CH 47 .H 54 OH - 6, OH - 58l
were analyzed Significant inspections were identified and the
ef fectiveness and adequacy of presently used procedures and
techniques was assessed Areas where the inspector is highl y
dependent upon sub )ecIive )udgmens or cumbersome or ineffective

4 
,i were performed (Modified author abst ract l  GRA

procedures are employed were determined Surveys of available
off-the-shelf vendor aids and candidate con ceptual inspection
aids which offer improved inspection efficiency in these areas

~~ 
,~~ N75-29483# Royal A i r c ra f t  Estab l ishment .  Farrrborough

(England), Structures Dept
A SHORT STUDY OF THE EFFECT OF A PENETRANT OIL
ON THE F A T I G U E  LIFE OF A RIVETED J O I N T

n - P H ONeill and R . J Smith London Aerc in Rca Council
1975 12 p Supersedes RAE-TR - 7 31 74 :  AR C-35284
IARC -C P- 13O5 ; RAE -T R-73 174 , A R C- 35284 )  Avai l  NTIS
HC $3 25 , HMSO 32P . PH) $1 45

Laboratory fatigue tests on riveted 1omnts, half of which had
a been impregnated with a water-displacing, oiI~based penetrant

whic h is commonly being used in airline servuce to combat
corrosion are described The results showed that the lives of
the treated specimens were significantly shorter than those of
the untreated specimens Further work . however , would be
necessary to determine the effect of the penetrarrt under more

k 
“
~~~~ realistic conditions over a longer time Author I ESRO(

- .~~ A73.36825 f Estimation of cocrolson damage levels in thin-
walled structura l elements by the punching method lOtasnka stapeni
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05 study to further evaluate the relative ability of metallic non skid
coatings to perform in the J8D carrier deck environment Color

— - illustrations are reproduced in black and white
- FAILURE ANA LYSIS

N73-3O919# National Materials Advisory Board . Washington
D C
APPLICATION OF FRACTURE PREVENTION PRINCIPLE S
TO AIRCRAFT Final Report
Feb 1973 274 p refu

- (Contract DA-49-083-OSA-3131)
(AD-7 645t3 , NMAB 302) Avail NTIS CSCL Ot 3

The elements of current fracture control plans and associated
technologies were re - iewed A f te r  reviewing the s ta tu s

- applicability, and potential of the elements and technologies it

was concluded that fracture control plans and development of
related technologies not only afford an opportunity to reduce

I catastrophic failures of aircraft structures and structural mainte-
niance but also can help to quanti fy many structural material ,
design, nondestructive evaluation . and maintenance decisions that

I now are made on a relatively qualitative basis The Committee
recommended careful trade Studies , together with caution and
flexibility, in the use of existing criteria and prior to the issuance
of new criteria (Modified author abstract) GRA

P471-I 7221# Advisory Group for Aerospace Research arid
Development . Paris (France).

I MANUAL ON FATIGUE OF STRUCTURES. VOLUME a
— I CAUSES AND PREVENTION OF STRUCTURAL DAMAGE.

J CHAPTER 6: FRETTING; C O R R O S I O N  D A M A G E  IN
A L U M I N I U M  ALLOYS
William G Barrois Nov 1975 89 p refs

- 
)AGA RD-MAN -9-V0I-2 ( Avail NTIS NC $5 00

The question of damage due to fatigue , fretting, corrosion.
end stress corrosion is discussed in detail The causes of failure

- are outlined. along with the characteristics of etectrochemical
corrosion Prevention of and protection against stress corros ion

Is end electrochernical corrosion were investigated

A75-12726 Failure anelyses of aircraft accidents. II. J. B.
Shah (Ministry of Transport , Engineering Laboratory, Ott awa ,
Canada), Metalz Engineering Quarterly, vol. 14 , Nov. 1974, p. 23-29.

Failures in aircraft components caused by decarburization ,
corrosion , abnormal misalignment , and overloading are discussed ,
Precautionary methods used to reduce these failures are included, To
illustrate the effects of fretting and corrosion failure two designs , one

- 
- 

- attributed to insufficient design and the other to inadequate
I maintenance , are considered , Certa in stress bearing components are

. ‘i covered such as connecting rods, spar tubes, spring legs, eyebolts, en-rd
drive straits, IS,

76-06001 Naval Air Engineering Center , Lakehurst, NJ .
I N V E S T I G A T I O N  OF I N T E R N A L  C O R R O S I O N  AN D
EVALUATION OF NON - SKID COATINGS ON MARK 7 JET
BLAST D E F L E C T O R S  Final Report

• ‘
~‘~~~ George A Gehring. Jr Dec t975 79 p

- .3. (AD -A 0 20t27 , NAEC - ENG -7 87 5(
I - The Mark 7 let blast deflector )JBD) is a 36 foot by 14 foot

aluminum barrier erected at a 50 degree angle to the flight
- - . 

.
1 deck for the purpose of protecting waitrng aircraft and handling

• I personnel from the let blast of a plane being launched In order
‘t

~~ to cool the panels enough to allow safe passage of personnel
e, ~~~ and machinery and to prevent actual physical damage to the

JBD by the heat of the let engines , sea water is pumped through
Si -‘I the internal passages of the panels Ships personnel , in the past ,

have reported that internal corrosion was a continuing maintenance
prDblem requiring frequent and costl y rework NAVAIRENGCEN

~~ I undertook a program to assess the severity of corrosion damage
, occur nng on the J8D s and to investigate potential methods for

controlling internal corrosion NAVAIRENGCEN also initiated a

Ii
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06 (Contract F44620-69-C.0065. AT Proi . 97681
(AD -760529. MCR- 73-16~ AFOSR-73-0685TR) Avail NTIS

• CSCL i l /S
FRACTURE, F A T I G U E , AND STRESS The Curface layer stress of titanium alloy )6Al / 4V end

SAI/2 .5Sn( was meas ured in methanol-chloride solutions as a JCORROSION CRACKING function of voltage Th. surface layer stress was found to increase
markedly as the specimen became more anodic. It is proposed
that stress-corrosion cracking is associated with the formation
of a surface Lever of critical strength so support a pil•up of
dislocations to cause fracture The stress corrosion behavior of

N73-24691# Aerospace Corp . El Segundo. Calif titanium and aluminum (2014-16) was determined on specimens
ST R ESS C O R R O S I O N  C R A C k I N G  AND HYDROGEN with and without the surface layer A marked increase in tI’,
EMIRITTLEMENT OF HIGH-STRENGTH FASTENERS Final stress corrosion cracking resistance was achieved by eliminating
Report. Jun. 1971 - Jan. 1972 the surface layer Author ~~RA )
Jam.. K Stanley 30 Apr 1973 53 p refs
IContract F04701-72-C-0073(
lAO- 7587 54 , TA -0073)3413-11 1 SAMSO- TA- 7 3 -131 )  Avail N73.2963$# Catholic Univ of America . Washington, D C Inst
NTIS CSCL 11/ 6  of Ocean Science and Engineering

Unexpected brittle failures of high-strength fasteners on FURTHER INVESTIGATIONS ON THE RELATIONSHIP
aerospace vehicles have been caused by stress corrosion cracking SE’TWEEN INTERNAL DAMPING AND SUSCEPTIBIUTY TO
)SCCI and by hydrogen stress cracking (HSCI Despite extensive STRESS CORROSION CRACKING
study much remains to be learned about the phenomena The Michael Ryan and A Thiruvengadam Jun 1973 22 p refs
poo~Iy understood failure mechanisms are difficult to differentiate, ( Contract N00014-67-A-O37-00031
especially in the freld There is a growing use of the term SCC )AO-762777) Avail NTIS CSCL 11/6

Ii
to describe failure by both mechanisms Data are given to The experimental procedure developed by Hochrein end
characterize the classes For low alloy carbon steels heat-treated Thiruvengadam arid further modified as reported in the rspon is
to yiuld strengths below approximately 160 ksi , stress corrosion an elegant tool for determining susceptibility to stress corrosion
is not a problem, nor is hydrogen embrittlement Idelayed cracking) crac king Susceptibility can be detected long before any mi-
v e r y  common Above 160 ksn , difficul ties can occur The croscopic evidence of cracking becomes noticeable This procedure
high-strength, pracipitation-hatdening. stainless steels have is adaptable so different shapes end thicknesses of matena ls,
varying degrees of resistance to stress-corrosion cracking and and further development would lead to a compact , porteble
hydrogen embr itt lement , depending upon strength level and nondestructive test instrument to be used in testing aircraft wings,
heat-treating procedures that influence the microstructure (Author ocean st ructures, etc . . in the field GRA
Modified Abstract) GRA

~-1j  N73-256184) Aero s pace Research Labs , Wright-Patterson AFB , N73-30625~ Rensselaer Polytechnic Inst - Troc, N Y Materi als
DivOhio 
THE E F F E C T  OF M E A N  STRESS A N D  E N V I R O N M E N T  ONEFFECT OF THERMOMECHANICAL TREATMENT ON THE CORROSION FATIGUE BEHAVIOR OF 7076-TI ALUMI-STRESS CORROSION CRACKING BEHAVIOR OF BETA ~ NUMf TITANIUM L. V Corsatti and ID J Duquet te 10 Apr 1973 31 p refsDale 0 Condit and John H Seats Feb 1973 17 p refs Contract N00014-61- A -O1 17-0012 NP Prol 036-093)

~~ (A F Proi 7021 1 IAD-76345 5 ,  TR - 21 Avail NTIS CSCL 11 1 6IAD -759 166, ARL-73- 00 1 7) Avail NTIS CSCL 11/6 Axial fatigue tests were performed on a 7075-16 aluminum —

The affect of thermomechanical treatment on the s t ress alloy in tension compression and under superimposed positivecorrosion cracking susceptibility of Beta Ill (T i - l i  ,SMo.61r-4 5Snl mean stresses in dry air and in aqueous 0 SN NaCI solution
( 

allow was irrveatigetad. Specimens of the alloy wan-a cold worked Both corrosive environments and positive mean stresses resulted0, 2, 5, 10, 20, and 50% and precipitation hardened prior to in lower fatigue lives but no interaction between these variablesfabrication into tensile test specimens Five specimens of each was observed Crack initiation in air occu rred at electropo lishthermomechanica) treatment condition were tensile tested in order pits at inclusion/alloy interfaces and propagated primarily in ato obtain yield strengths The remaining specimens were exposed Stage ) (crystallographic) mode A model for environment assistedto an alternate wet/dry environment of 3 5 w/ o NaCl solution cracking is presented which suggest s that hydrogen inducedat ambient temperature under a load of 80% of yield . lAuthor cleavage is responsible for the degradation in fatigue propertiesModified Abstract) GRA of this alloy . (Modified author abstract) GRA

P473.274574) Martin Marietta Corp . Baltimore. Md
THE INFLUENCE OF A HEAT TREA TMENT ON THE SIt US

tj  
CORROSI ON SU~~CEPT IB ILITY OF A T E R N A R Y  A I-5.3 N73-32383e Boeing Commercial Airplane Co . Seattl e Wash
PERCENT Zn-2.5 PERCENT Mg ALLOY Technical Report APPLICATI ON OF RELIABILITY ANA LYSiS TO AIRCRAFT
No, 7 STRUCTURES SUBJECT TO FATIGUE CRACK GROWTH

- 4 A. J Sedriks, J. A Gree n . and D L Novak Ma y 1973 14 p AND PERIODIC ST RUCTURAL INSPECTION Final Report,
refs Submitted for publication 16 Jul 1972 - 31 Mar, 1973 -
(Contract N000i4-67-C-0496 . HR Proi 031-716) I C Whitlaker and S C Sacnders Wrig ht Patterson AF B Ohio
IAD -7612 07 , MMR- TR-73-O 7C , TA-i) Avail NTIS CSCL AFML Jun-n 1973 47 p refs
11 ,6 Contract F336l~ 7 1- C -11 3 4 AF Pro) 73511

The influence of heat treatment on the stress-corrosion IAD-764775, AFM L r~ 73 92) Avail NTIS CS CL 01 3
susceptibility of a ternary A l -5 3% Zn-2 5% Mg alloy has been A method of sim ulating cuack growth has been rr’ise st .~ ated
examined in terms of four variables These variables are the The proposed mode) which is based on linear elastic fracture
cooling rate from the Solution treatment temperature, holding mechanics theory allows for the variab i lit y in crack growth
time at room temperature. aging time at a temperature below behavior found in the expe rim ental  data of various m ater i als
the G P zone so lv us and aging time at a temperature above Given a reference strr. ,’. intensity factor range and cer~t u a l tendency
the G P zone solvus, Variables which markedly influence the values for the crack growth rate and the onq,onent of the stress
stress-corrosion susceptibility of the Al-Zn-M g alloys were found intensity factor r’v .ursions of a r ruate u ia i ‘ir a spec- fed configuration
to be t h e  cooling rate afte r solution treatment and the aging Monte Carlo simulation us used to ~e’r- ’ct v arious combinations
time at temperature above the G P zone solvus . These results of parameters These are then used to generate fatig u e cracks
are discussed i n terms of variations in the grain boundary on the assumption that c ’ ac ~ growth rate ‘s a power function
microstructu ra Author (GRA) of the stress r .’iti’r’.sity actor range The residual st’ength of the

Si cracked ~tr uctu re is Conside red to be a dec’ ea sing function of
the induced crack length The probability of Crack detection

P473-274694) Martin Marietta Corp., Denver . Cob , also depends on the generated craru and is assumed to improve “4~~~ EFFECT OF VACUUM ENVIRONMENT ON MECHANICAL with increasing Crack length However thus improved detection
B E H A V I O R  Annual Report . Jan. 1971 - Jan , 1973 probability is modified by the probability that the crack location
Irvin A Kramer Feb. 1973 36 p refa a not fhe one being inspected Modified author sb stractl GRA
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B- II)

N73-32433N Naval Research lab . Wash ingt ,~n DC susceptibility of four aluminum-zinc-magn esium alloys was
FA T I G U E - C R A C K  G R O W T H  OF li-SA I-2Cb - ‘T a-O . SMo determined as a function of processing and composition variables.
ALLOY IN AIR AN D NATURA l , SEA WATER ENVIRON- particularly aging treatment end titanium additions The SCC
MENTS lestS were performed employing a four point loaded constant
W A Cares and T W Crooker Jul t97J  15 p refs moment apparatus in a 35% sodium chloride solution at room
AD 76 53t8. NRL - MR 2617 1 Avail NTIS CSCL 11/ 6 temperature Th. alloys were studied as part of a microstructure

Studies of low cycle fatigue-cr ack propagation in air and and microcomposition characterizat ion program in order to
natj ral sea water environments were conducted on a 1 6A1-2Cb - determine the effect of these variables on the SCC susceptibility
1 Ta-O 8Mo alloy The effects of cathodic polarization of the alloy and mechanical pnope nlies of the Al Zn Mg system Modified
in sea water were evaluated The alloy was tested as single - edge- author abstract ) GRA
notched, side grooved samp les rn zero to te n sion loading and
the results were analyzed in terms of crack - tip stress-intensity
pa rameters The alloy showed no evidence of fatigue sensitivity N74-11362~ Aluminum Co of America. New Kensington Pa
to either natural sea water or to applied cathodic potential These Alcoa Research Labs
results a re in agreeme n t with Other studies on a similar M E C H A N I C A L  PROPERTIES. FRACTURE TOUGHNESS,
Ti 6A l - 2Cb - lTa -OS Mo alloy and a Ti 6A 1 4V alloy of similar yield FATIGUE. ENVIRONMENTAL FATIGUE CRACK GROWTH
strength and fracture toughn ess but are ru sharp contrast to RATES AND CORROSION CHARACTERISTICS OF HIGH
the high degree of environmental sensitivity previousl y exhibited TOUGHNESS ALUMINUM ALLOY FORGINGS, SHEET AND
~iy a T i -7A l -2C b- l Ta  alloy Author (GRA I PLATE Final RePort . May 1971 - Feb. u 973

C F Babilon. A H Wygonik . 6 E Nordmark and B W Lj fka
Apr 1973 248 p refs

P474-113504) Army Materials and Mechanics Research Center IContract F336 15-7 1-C-15 7 1 . AF Pro1 7381 1
Watertown , Mass Metals Research Div IAD .766335, A F M L-TA- 73- 83 )  Avail NTIS CSCL 11/6
EFFECT OF TENSILE DEFORMATION AND HEAT TREAT- The mechanical properties , including toughness and fatigue ,
MENT ON THE STRESS CORROSION SUSCEPTIBILITY OF fatigue crack g r rnw t h ra ie~ and corrosion characteristic s have
AN Al-Zn-Mg ALLOY been determined for e total of 56 lots of 7049-T 73 and
C. Sliast ry and Milton Levy Jul 1973 28 p refs 7175 - 1736 torgrngs , 7475-161 ar i 1761 sheet , end 2124-1851
IDA Prol 1TO-62 1O5-A-328 1 plabe Supplemental data for bare and Alclad 7475 sheet end
IAD-766683, AMMRC-TR -73 -34) Avail NTIS CSCL 11 /6 2 124-T8 51 plate are also presented Tables of computed design

The effect of a series of thermomechanica l treatments on mechanical properties and typical stress-strain and compressive
the stress corrosion susceptibility of an Al - 6 86 w/ o Zn-2 35 w / o  tangent modulus curves were prepared The rates of fatigue
Mg alloy in a 3.5 percent sodium chloride solution was studied crack propagation of these products gener ally do not vary
by bent beam type stress corrosion tests The results inrfrcated significantly wnth specimen Orientation Humid and salt fog
that for specimens without a roo m temperature preaging environments increased the rate of fatigue crack propagation for
treatment, a 2 percent plastic deformatron before the final aging most specimens Propagation is slower in 2124.1851 plate than
at 150C creased the stress corrosion resistance No such for 2024- T85 1 plate but rates for sheet alloys 7475- T6 1 ,
improvement resulted from a 5 percent deformation The 747 5 - T76 1 and Alc Iad 747 5-T6 1 are essentia ’) y equivalent as
difference in the stress corrosion susceptibility for the two are rates for 7 t7 5 -T736  and 7075-17352 hand forgings The
treatments was attributed to the difference in the dislocation 7175-T736 forgings 7475 - T761 sheet and 2124-T851 plate
and precipitate distributions in the matris in the two cases For have a hr~h resistance ‘o exfoliation while the 7049 173 fOrging
both the undeformed specimens and specimens deformed by 2 and the 7475-T61 sheet show some susceptibility to exfoliation
percent, preaging at room temperature resulted in lowe r values All of the materials are resistant to stress corrosion exfoliation
of st ress corrosion time to failure This reduction in slress corrosion Alt of the materials are resistant to stress corrosion cracking
resistance was attributed to incomplete elimination , during when stressed in the longitudrnal and long-transverse grain
aging, of grain boundary solute segregation in the preaged direction The resistance to SCC in the short-transverse direction
specimens Author IGRA( of all the mate rials is representative of the respective alloys and

tempers Author (GAA )

P474-113544) Aluminum Co of America New Kensington , Pa
Alcoa Research Labs N74-132634) Boeing Commercial Airplane Co. Seattle, Wash
COMPARISON OF ALUMINUM ALLOY 7050, 7049, MAS2 , EVALUATION OF AFC 71 MARTENSITIC STAINLESS STEEL
AND 7175-T736 DIE FORGINGS Final Technical Report . FOR A I R F R A M E  STRUCTURAL APPLICATIONS Fln&
1 Jun. 1971 - 3 1  Dec . 1972 Techn ical Repo rt , 1 Jun. 1971 - 31 May 1973
James I Staley Wright-Patterson AFB . Ohio AFML May R G Caton and C. S. Carter Sep 1973 75 p refs
1973 130 p refs )Contrect F33615-7 1-C- 1550, AT Proj 7351)
)Contract F336 l5-69-C-1644~ AF Pro1 735 1) )AD-767597 , D6-6O225, AFML-TR-73- 182) 4vail NTIS CSCL
)AD-766328 , AFML-TR - 73 - 34 )  Avail NTIS CSC L 11/ 6 11/6

Die forgings in aluminum alloys 7050, 7049 , and MA52 The fabncat,on and properties of two high-strength stainless
were fabricated and evaluated for resistance to stress-corrosion martensitic steel forgings are described A high level of fracture

- ‘ cracking, quench sensitivity. and fracture toughness In addition , toughness was achieved in the AFC 77 forging at a tensile
all Alcoa data on 7050. 7049. and special process 71 75 -T7X st rength level of 235 ksi Stress corrosion resistance . however .

~ 
die forgings were examined and the properties were collated was similar to that of competitive steels The fracture toughness.
Stress-corrosion resistances were evaluated using the severest stress corrosion, arid fatigue properties developed in the AFC
combinations of forging type and text condrtions All of these 778 forging at a tensile strength of 260 ku were similar to
newer alloys were less quench sensitive than alloy 7075, and those of currently used steels Cracking problems were espenenced
all developed better combinations of resistance to stress-corrosion with both forgings dunng heat treatment The stress corrosion
cracking and fracture toughness than 7075-16 and 7079-16 at resistance of AFC 77 was rio higher then that of competitive

- ,~~• equal strengths Because it developed the best combination of steels The tar-get tensile strength of 275 ku was not achieved
properties , alloy 7050 is a preferred selection for use as die in the AFC 77 9 landing gear forging A lower tensile strength
forgings of relatively heavy section thickness for the aerospace would appear to be more appropne~e for this alloy in heavy
industry This alloy also can be supplied as hand forgings , p’ate , section form The fracture toughness, stress corrosion, and notch
extrusions , and sheet Special process 7175 is an equally good fatigue propert ies were ve ry similar to thos, of medium alloy
selection for die forqings of thin to moderate section thickness steels Although both AFC 77 end AFC 778 are stainless types

Au thor (GRA I of steel . it is considered thet the low stress corrosion resistance
would necessitate plating and painting to prevent th, ingress of

~~ ,~~ J moisture )Modified author abetractl GRA

~ 
‘
~~ N74-11361% Rensselaer Polytechnic Inst.. Troy. N Y , Materials

Div N74-16236k Aerospace Research Labs Wrug ht - Patterson AF B
STRESS CORROSION CRACKING SUSCEPTIBILITY AND Ohio

~~ AGING CHARACTERI STICS Of At-Zn-Mg-Ti ALLOYS CORROSION STUDIES OF Fe-Ni AND BETA - 3 TITANIUMC Ctten and 6 Judd Aug 1973 23 p refs ALLOYS Final Report , 1 Jun 1968 - 19 Jun 1972( Contract N00014-67-A-O1 17-0009 ) Dale 0 Condit Oct 1973 12 p refs)AD-7 66838 TR -5( Avail NTIS CSCL 11/6 IAF PrOi 7021)
A comparison of the stress corrosion cracking )SCC ( (AD-76948 O AR L 73-0136 ) Avail NTIS CSCL i t  6

‘4,



Fr’
This investigation was conducted to elucidate factors involved One-inch thick plates of the two alloys in the SL, IL, and LI

in the stress corrosion cracking of alloys of interes t to the orientations All of the specimens were fatigue pre-cracked to
aerospace industry The study was concentrated in two particular facilitate initralion of a pop-in crack when bolt loaded to start
areas  1 1)  Potent iodynamic and potentiostatic polarization the 5CC tests After three days immersion in the corrodent ,
studies of high purity Fe-Ni alloys in chlorrde-conla ining and the specimens were mechanically broken apart and the fracture
non-chlonide - containning H2S04 and 12) lime - to-crackin g for surface eiiarnined for visual evidence of SCC The as-received
notched and unnotched Beta Ill titanium alloys which had been Spec imens were insensitive to SCC in these tests with the
given a variety of thermome chanica) treatments GRA except ion of one N-H 117 specimen A)) of the aged specimens ‘

I
of both alloys were susceptible so SCC Author (GRA(

N14 - 16240f Naval Ship Research and Develop rnienut Center ,
N74-21151~ Lockheed Missiles and Space Co. Palo Alto , CalifAnnapolis . Md Research LabFATIGUE C R A C K  P R O P A G A T I O N  IN A 5456 H117 DEVELOPMENT OF ENGINEERING DATA ON THICK-A L U M I N U M  ALLOY lN A I R  AND SEA WATER
SECTION ELECTRON BEAM WELDED TITANIUM Fina lH P Chu Oct 1973 29 p rels

lSF5454 10 1tl Report . Mar 1971 - Jun. 197J
John  G Bleletich Aug 1973 199 p refs(AD-769467 , NSRDC-4 1691 Avail NTIS CSCL 1 1 ‘6
(Contract F3361 5 - 7 1 - C -  1338 , AF Pro1 7381)Fatigue data on a 5456-Mt 17 aluminum alloy have been (AD -774O5 1 . LMSC-D352462 , AFML-TR - 73 -1 97)  Avail NTISobrained in auI and sea water by fracture mechanics methods 
CSCL 1 1/6It rs found ti uat he preseuii :e of sea water increases the crack The report provides a vital portion of the basic engineeringgrowth rates tird lowers the threshold stress ‘ntensnty The data 
data necessary for the design of reliable and efficient airframefor five stress ratios are correlated with two empirical equations
Structures involving electro n-beam weldments in titanium alloysThe effect of sea wate r on fatigue cracking is also examined by 
Tensile, fracture toughness. and subcritical crack growth propertieselectron fractuqraphs Author IGRA )
of both base metal and weldments have been Obtained for 1-

I
and 2-in T i-6A l-4V and 1-in Beta Ill plate Test temperatures

N74-18185# Naval Research Lab. Washington . DC ranged from - 65F to 175F and ihe test environments included
•
1 STUDY OF A TITANIUM WIRE ROPE DEVELOPED FOR laboratory air , water salt water and JP-4 let fuel The concept 

- 
-

MARINE APPLICATIONS Final Report of stress intensity factor s from linear elastic fracture mechanics

J Derrelu A Milburn 2 Nov 1973 24 p refs is used to quantitatively assess the load carrying capacity and
)RR0230345) crack growth resnstance of the test materials Fracture toughness
IA D-77 1355 NRL-7625) Avail NTIS CSCL 11/ 6  and tensile properties are tabulated while the fatigue crack

The mechanical propert ies and fatigue performance of a propagation and Stress corrosion cracking rates are presented in
tutanium wire rope have been experimentall y determined The a graphic format GRA
rope has a nominal diameter of 1 !4-nn and is of 7 x 7 structural
form Other salient constructional details of the rope include theJ use of two titanium alloys and two wi re lubricants Furthermore. N74-22219 4) Army Materials and Mechanics Research Center
lay lengths of the rope and of individual strands were increased Vx atertown , Mass
over those for similarl y cons t ruc ted steel ropes The overall test STRESS CORROSION CRACKING OF URANIUM ALLOYS
program consisted of two malor parts static tensile tests and Final Report

arid galvanized- steel wire ropes of the same nominal diameter IDA Proj 1T1-62105-A-349 (

and 7 x 7 form were also sublected to these tests Test results lA D-7742 56 , AMMRC- T R- 73 - 54 )  Avail NTIS CSCL 1 1 .6

acial fatigue tests For purposes of compariso n, stainless-steel Walter F Czyrklis and Milton Levy Dec 1973 iT p refs

indicate that the strength-to-weight ratio and stretch characterns- The study was carried out to determine the critical threshold
tics of the titanium rope are superior to those of the steel ropes intensity for stress corrosion cracking of several uranium alloys
However . the fatigue-life data suggest that it would fail as a which are candidates for ballistic penetrator and nuclear shell
part of a marine structure in a significantl y shorter period of appl ications The data reported here are for alloys in the
ttme than would either of she two less expensive steel ropes as-extruded condition only and will serve as base-line data for
(Modified author abstract) GRA future studies involving the solution ‘eased-and-aged alloys

G PA

N74-20140f Ohio State Univ Research Foundation , Colum’ N74-23 108x  Advisory Group for Aerospece Pesearch and
bus Development , Paris (France )
STRESS CORROSION CRACKING OF T I T A N I U M  A N D  METALLURGICAL ASPECTS OF FATIGUE AND FRACTURE
TITANIUM BASE ALLOYS IN AQUEOUS AND GASEOUS AG~~RO P6 10 Avail NTIS MC 1775
MEDIA Final Report. 1 Mar. 1972 - 30 Jun. 1973 The proceedings a la  conference to investigate the latigue andF F H Beck and M 6 Fontana Sep 1973 84 p refs acture behasuor of aerospace structural alloys are presented
lContract F336 15 -72 -C -1 91 7 , AF Prol 7312) ihe effect of heat treatment to prevent stress corrosion was

Oxygen was found to increase significantly the stress corrosion prope rties of the materials The sub)ects discussed include the
IAD - 773245 , AFM L - TR-73 -26 8l Avail NTIS CSCL 11/6 analyzed to determine possible changes in the mechanical

• cracking susceptibility of titanium alloys to methanol and bromine fol lowing Ill  metal lurg i cal  aspects of fatigue and fractu re
environmen ts and the initial exposure stage is highl y sensitive toug h n e s s .  2 developm ents in fatigue and fracture 3)
to the presenc e of moisture which can absorb on the surface rhermomechan ucal procedures to improve the propertres of high
and provide a protective film of water Cracking planes n single strength alumi num magnesium , zinc. copper alloys, and (4) the
crystal specimens were affected by stress level , chemical factors , influence of microstructur S on the growth of fatigue cracks

.~~~~ and specimen orientation Depth profiles of hydrogen concentra-

N74-26040~i Nava l Ship Research and Development Center ,lion by non rnicroanalyses were made of cathodically charged
commercially pure titanium and titanium alloys and stress was

- Annapolis, Mdfound to be a factor in determining the tendency for absorption
of hydrogen The importance of anodic dissolution in the stress THE EFFECT OF FILLER METAL CHEMISTRY AND HEAT

~~~ corrosion cracking process is considered and discussed in depth TREATMENT ON THE W ELOABILITY OF THE Ti-6 AI-2.5 Mo
IModif ued author abstract) GRA ALLOY

e Joseph L Cavallaro Feb 1974 69 p refs-
, , (SF54541 )

N74-211484) Naval Research Lab - Washington , DC IAD-775599. NSRDC-4 189. NSRDC-28-63 1) Avail NTIS CSCL
STRESS CORROSION CRACKING PROPERTIES OF TWO 1 1/ 6
ALUMINUM-MAGNESIUM ALLOYS Determination was made of the effects of combined variations

se -~~~~ F D Bogar and C I Ful nr Jan 1974 14 p refs in weld-metal chemist ry and postweld heat treatment on the
INRL Pro1 MO1-30. ZF54544002 ) mechanical propertnes and sea - water str ess-corros ron .cracknng
(AD- 774496 fUlL-MR 27241 Avail NTI S CSCL 11/8 propertres of Ti-6A1- 2 5Mo weldments The composition range

The SCC behavior of two Alcoa Al-M g alloys - -  a commercial studied included 4% to 7% aluminum and 05% to 2 5%
~~ alloy 5 4 5 6 - H  1 17 and an eripenimenlal alloy, N H i  17 . is molybdenum Good fracture toughness and stress-corrosion

described These materials were studied in the as received and cracking resistance for weld metal in the Tu -A l - Mo-0 alloy system
aged conditions for susceptibility to cracking in 3 5% NaCI solution are achieved as the 110.000 pounds per square inch yield strength
Double cantilever beam specimens were machined from the level No degradation of propert ies was produced in the

_ _ _ _ _ _ _ _ _ _ _ _ _  
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heat affected tone of T i-6A 1 2 5Mo weldments The results of The usef ulnn~ s of acuust~ emission data Ii C stress wave

L •—‘ 
~ 

this investigation indicate that a tougher and more ductile Ti- 100 emission - SWF.l to studies of stress corrosion cracking 15CC)
alloy weldment could be developed through control of microstiuc - of high-strength allci vu. was  explored Single edge - notched
lure in the Ti-Al - Mo 0 and Tu A l - V -0  alloy system s (Modified precracked can t i l eve r  spec imen s w e r e  used to study the

author abstract)  GRA stress-corrosion - crack growth and SWE cha rac te r i s t i c s  of a
high strength stainless steel aurni a r Ianium alloy SWE data

x correlate reasonably well to cr ac k growth measu uements  by
N74-27026Ø Dayton Univ Research Inst . Ohio convent ional  be a m de f lec t ion  techn iques  lou high st iength
ENGINEERING DESIGN DATA FOR ALUMINUM ALLOY stainless steel but is too insensitive for reliable detection of
2124-T851 THICK PLATE Technical Report . Aug 1972 - crack exte n sion in the titanium alloy The use cii SWE data lu
Sep. 1973 defi n e the energet ucs of discrete ctac~~ng events are c uur e r uhv
Kim A Fudge and Raymond E Jones Jan 1974 33 p refa beyond the capab ilities of existing equipment and ai ialytics
IContraci F3361E 72- C- l282.  AF Pro1 7381) Author GRA I
IAD-777 177 UDRI TR-73-63 AFML-TR 73-310) Avail NTIS
CSCL 11/ 6 N75-12142# Martin Marietta Labs . Baltimore. MdTensile , fr acture, tatigue fatigue crack growth , and stress OBSERVATIONS ON THE STRESS CORROSION CRACKINGcorrosion properties for aluminum alloy 2 124-T 85 1 thick plate
were determined Material property comparisons were then drawn OF AN Al-B PERCENT Zn 2.6 PERCENT Mg T E R N A R Y  A N D

between the 2 124 - TB5 1 alloy and its parent alloy, 2024, in the VARIOUS OLIA RTERNARY ALLOYS
J A. S Green arid W G Montague Aug 1974 29 p retsT851 condition A comparison of the mechanical properties of

aluminum alloy 2 124 -T8 51  and 2024-T85 1 revealed that the lContract N00014.74-C-0277. NR Proj 031.716)
2 124-T8 51 alloy exhibited sim ilar tensile properties with possibly IAD-7 85020. MML-T R.74-23C ( Avail NTIS CSCL 11/ 6

Studies were undertaken to test a oncept of controllingless short t ransver s e  ducti l i ty. superior fracture toughness ,
comparable fatigue properties with slightly lower smooth fatigue stress-corrosion crack propagation in Al-Zn-Mg alloys through
resrstance and iden tical fatigue crack growth ra tes  The the use of minor alloying additions of elements known to retard
2124-1851 alloy also demo nst ra ted  good stress corrosion hydrogen non recombinatnon such as Cd, As , Zr and Cr Results
resistance (Modrf ned author abstract ) GRA indicated that the concept was invalid since ‘he minor alloying

additions themselves exerted a more profound infl~jence on the
grain boundary microstructure. Specifically, the ri crostructural

- 

- N74-29009# Martin Marretta Aerospace . Denver , Cob features of grain bounuary particle size arid interparticle spacing
EFFECT OF VACUUM ENVIRONMENT ON MECHANICAL were found to correlate with stress corrosion susceptibility Auger
BEHAVIOR Fin•I Report . Jan , 1973 - Jan, 1974 electron spectroscope studies also revealed a correlation between
Irvi n R Kramer Feb 1974 54 p refs the concentration of Zn and Mg within the precipntate-free zone
IContract F44620-69 .C-0065 , AF Prot 9782) and the susceptibili ty to cracking (Modified euthor abstract)

L I IAD-778484 . MCR-74 -5 1; AFOSR-74 .O589T R( Avail NTI S CPA
CSCL 11/6

The time to failure and the crack propagation velocity of N76.1237q Lehigh Univ . Bethlehem . Pa Inst of Fracture
titanium I6Al~4V) and a 4130 steel were measured as a function and Solid Mechanics.
of applied potential and concentration of the solutions A LOAD AND ENVIRONMENT INTERACTIONS IN FATIGUE

f mechanism for stress-co rrosion cracking is proposed based on CRACK GROWT H
the formation of a strong surface layer It is also suggested T I Shih and R P. Wei May 1974 28 p refs Presented at

that the films, formed as a result of interaction between the the Conf on the Prospects of Advan , Fracture Mech , DeIft
metal and the 5CC medium, strongly influence the strength of Neth erlands, 24-28 Jun 1974

( Contract N00014-87-A-0370-0008. NP PrOl 038-09 7)the surface layer Author )GRA) 
(AD- 785249 , )FSM-74 .6 1 TR-2( Avail NTI S CSCL 11/6

The influences of environment on delay and on fatigue crack
N74-29996~ Army Materials and Mechanics Research Center , growth under programmed loading were examined for a mill
Watertown. Mass annealed Ti-8A1-4V alloy Test environments included dehumidi
STRESS CORROSION CRACKING SUSCEPTIBIL ITY OF fled argon . air (with 30-60% relative humidity), distilled water .
BETA TITANIUM ALLOY 38-6-44 : CANDIDATE ALLOY FOR and 3 5% NaC) solution The effects of load sequence and
SCOUT TORSION BAR Final Report block Size on fatigue under programmed loads were investigated
Walter F Czyrklis and Milton Levy Apr 1974 12 p refs also Experimental results show that the mildly aggressive
IDA Pro1 1TO 62 105 A 328) environments (atmospheric moisture and distilled water) have
lAD~779414 AMMRC- TP -74 -1 0 )  Avail NTIS CSCL 11/ 6 little effect on delay Salt solution . on the other hand , has a

The threshold stress itensitues for Stress corrosion cracl significant effect on delay and on crack growth under programmed
—
‘ 

I propagation in beta titanium alloy 38-6-44 , Tn - 3A 1-8V-6Cr- loading, the effect on delay being dependent on frequency or
4Mo - 4Zr . has been determined in salt water and methanolic hold-time Both load teguance and block size can significantly

in aqueous sodium chloride solutions (marine environment )  fundamental understanding of load and environment intarectiona
Solutions The alloy was immune to stress corrosion cracking alter fatigue tife under p ogramrned loading The need for fur th er

f4owever , in methanOlic solutions , the alloy was very susceptibl e in fatigue is discussed . (Modified author abstract ) GRA
to SCC This marked susceptibr lnty in methanolic solutions can
be mitigated by the addition of sodium nitrate as an inhibitor

.
~~~ 

,~W’ Crack extension in the alloy was transgranular and failure occurred
by brittle quasrcleavage in methanolic solutions Author IGRAI

N75-13971# Rensselaer Polytechnic Inst Troy. N V Mxterials
Div

N75-1198$# Naval Air Development Center . Warm inster . Pa MICROSTRUCTURAL CHARACTERIZATION AND STRESSAir Vehicle Technology Dept. CORROSION CRACKING SUSCEPTIBILITY OF Al-Zn-M g-Ti
CLEANING AND CORROSION CONTROL OF AVIONICS ALLOYS
EQUIPMENT AT ALL LEVELS OF MAINTENANCE Progres s C Chen and Gary Judd Sep 1974 20 p refs
R•pOrt (Contract N00014-67-A-0 1 17-0009)
W E MacKenzie and W E Knight 30 Apr . 1974 21 p (AD-785907 . TR-6) Avail NTIS CSCL 11/6(A0-784975, NADC-74O49-30) Avail, NTIS CSCL 01/3 The effects of adding small amounts of titanium to age’

- $ This report covers a survey of cleaning and corrosion problems hardening Al-Zn-M g al loys have been studied by transmission
encountered with avionics systems, the application of a new electron microscopy. mechanical atests . and stress corrosion

avionics components and systems at the three maintenance of the alloys was varied and the effect of aging upon these
cleaner for components. and a process for corrosion control of cracking (SCC) tests The zinc. magnesium and Irt ennum content

a, levels Author IGRA( alloys was examined Multiple stages of aging were observed
for several of the titanium addition alloys The resistance to

N7S-12 136~ Naval Research Lab Washington DC SCC of the AI Zn-Mg ternary in an aqueous solution 13 5%NaCI (
A C O U S T I C  EMISSIONS AND STRESS-CORROSION at room temperature was significantl y improved in the tutan iurn

~~ CRACKING IN HIGH-STRENGTH ALLOYS Final Report addition alloy with 012% as compared to an alloy with 023% 
I
)

1 P tucker and C I Fuiii Aug 1974 15 p refs Tn reported upon previously The addition of 0O9%Tn to Al - 7%Zn-
INRL Prol 63M0t 30. 1154544002i 2%M g alloy produces a finer grain boundary precipitation and
lAD 785009 NRL MR 2879 1 Avail NTIS CSCL 11/ 6 no deleterious effect on the SCC property Author IGRA )

•1’
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N75-15796# Aluminum Co of America Alcoa Center . Pa capable of discriminating among conditions which haxe small
Ph ysical Metallurgy Div differences in susceptibility to stress corrosion The im provement

~
- ~ 

TEST AND EXPLORATORY DEVELOPMENT OF AN OPTI- in the sens it ixiry of the intensiostatic test as compared to the

~

, MUM ALUMINUM ALLOYS SYSTEM FOR SHIP STRUC- conventional alternate immersion test is shown to be significant
TURES Final Technical Report. 23 Jun . 1972 - 23 Jul. In addition . the test is more rapid than the conventional alternate
1974 immersion test A galva nic test method was investigated hon
Ralph W Rogers. Jr . Wil liam 0 Vernam , and M Byron Shumaker two copper bearing high strength aluminum allOys. 7075 arid

F 23 Jul 1974 78 p refs 7050 The results showed that the galvanic test is capable of
( Contract N00024-72 C-557 1 - SF5410011 ) discriminating among various tempers oh the alloys which possess

- (AD-787568. Rept-56 AC2231 Avail NTIS CSCL 11/6 a wide tange of stress corrosion susceptibility The test is also
Evaluation of plate fabricated in the laboratory from a series more rapid than the conventional alternate immersion test GRA

of Al-M g alloys having magnesium conten ts of 7 0 to 9 5%
showed an alloy designated as CS19 met the cont ract requirement
of an as-welded yield strength of 30 ksi minim um Fracture N15-21837# National Env ironmental Research Center . Research
toughness and resistance to general corrosion , to exfoliation and Triang le Park . N C
to initiation of stress-corrosion cracks were at least equivalent AIR POLLUTION EFFECTS ON CATAS1ROPHIC FAILURE
to present 5456-Hi 16 or H i l l  alloys MIG weldments of OF METALS
CS19 plate produced with CS19 electrode and by a practice Jon Gerhard and Fred H Haynne Nov ‘974  39 p nels
which provides inte rpass cooling so 250F were highly resistant (P8-238290/i . EPA 650 3 74 ooqi Avail NTIS HC $3 75

to stress-corrosion cracking even after thermal treatment at 212F CSCL t3B
to simulate metallurgical changes taking place during lon~j periods Ai r pollutants contribute to the catastrophic failure of metal
of service Nominal composition of CS19 is Al-8 25 Mg-0 4 structures through the mechanis ms of stress-corrosion cracking
Mn-0 1 Cr with 0 12 max Fe and 010 man Si (Modified corrosion fatigue , and hydrogen embrittleu rrent The Silver Bridge

author abstract) GRA catastrop he . LORAN toweu pans fa i lures a ncraft parts failures
resulting in accidents . ann communications equipment failures
are ex amples cited that wcre related tO air pollution An economic

N75.176O1# Rensselae r Polytechnic Inst.. Troy. N V Materials analysis of these failurer . indicated that accompanying inlury and
Div loss of life is an annual economic loss to the nation of from
MICROSTRUCTURAL EFFECTS IN THE FATIGUE BEHAV- $50 million to $100 million GRA
IOR OF METALS AND ALLOYS

L

i Norman S Stoloff and David J Ouquette 30 Aug. 1974
204 p refs N75-261 16# Martin Marietta Aerospace Denver , Cob
IContract N00014-67-A .0 117-0010. THE INFLUENCE OF ENVIRONMENT ON CRACK BEHAV
N00014-67-A-O 1 1 7-0012 , NA Proj 03 1-745, N P  Pro1 b R  Final Report

036-093 1 I A Kramer Aug 1974 23 p nefs
(AD-A OQ 1O96 I Avail NTIS CSCL 11/6 Contract F4462O-74 - C-0032. AF Pro1 9782)

This review examines the various stages of fatigue damage IA D-A003954 , MCR 74 143 F A F O S R - 7 4 - I9 O B T R)  Ava i l

[ / on the basis of changes in slip charar.Ler and dislocation NTIS CSCL 11/6

r sub Structures resulting from solid solution alloying, thermome- The analytical expressions presented in this report relate the
chanical treatments or precipitalion hardening Cyclic hardening crack velocity and the failu e time to the surface - layer stress

e’ f and softening are related to fatigue life of a wide variety of coefficient for compact-tension specimens of Tu’6A1-4V and a

alloy systems, including pure metals, commercial alloys. intermetsl- 4130 steel sublected to stress-corrosion cracking The esper irren
lic compounds and directionally solidified eutectics The influence tal data her the threshold stress intensity f actor and the c ac k

Vt on fatigue behavior of variations in s t ructure produced by velocities for variou s stress intensity factors agree well w ith toe

I processing (e.g - casting defects, inclusions. surface notches) also calcula ted values GRA

are considered Finally, the effects of temperature and aggressive

~ 
environments on crack nucleation and propagation are related N75-26122~ Dayton Univ Research Inst - Ohio
to metallurgical structure . GRA FRACTURE RELATED PROPERTIES OF X-2048-T851 PLATE

INCLUDING SPECIMEN SIZE EFFECTS ON KIC Fina l
N75-19435# Carnegie-Mellon Univ . , Pittsburgh , Pa Metals Report. Sep. 1973 - Aug. 1974
Research Lab G J Petrak Dec 1974 37 p refs
ALLOY DESIGN TO RESIST HYDROGEN EMBRITTLE- (Contract F336 15-74 -C - 5024  AF Pro1 73811
M E N T  IAD-A004199. UDRI-TR-74-27 AFM L- TR -7 4 261 Avai l
I M. Berstenn and A W Thompson )Rockwell Intern Corp . NTIS
Thousand Oaks , Catif . ( 21 Nov 1974 87 p refs Submitted Mechanical property data were developed on a new aluminum
for publica tion alloy that is des gnated as X2048 The material  which was
(Contract N00014-67-A-0314-00 19: NR Proj 036099) tested ru the -T85 1 coridu’~~-u , was developed by itS manufacturer

- - )AD-A 002274 , TR-3 , CMIJ-O36-0 99-3( Avail NTIS CSCL Reynolds Aluminum . to possess the strength . fatigue resistance
1. 11/6 thermal Stabil i ty and corrosion ies stance of 2024-T85 1 ~nd

The behavior of steel , titanium , al uminum and nickel alloys 2124-1851 while at the same time having increased toughness
are analyzed in terms of the specific interrelationships between It was shown that she strength and fatigue crack growth rate

- . - metallurgical variables and the susceptibility towards hydrogen of X204B are the same as 2024 and 2124 and that the X204 8
embrnttlement It us demonstrated that specific recommendations possesses increased toug hness A limited corrosion study using
can be made which should improve the performance of a given precracked specimens showed the material to be unaff ected by
material in a hydrogen-bearing or producung environment These a salt water environment under the test conditions The room
recommendations are balanced with nonenviri,inmen tal strength temperature fracture test results were dependent on specimen

,~ and toughness constraints, since li ttle progress would be made size with larger specimens producirg higher fracture toughness

~~

i for example, by changing an alloy from hydrogen-embrntt)ement - test data Fracture toughness lest data f rom the literature that
critical to toughness-critical in a given design environment GRA was obtained using bend specimens were lower than the fracture

toughness results obtained in this effort which emp lo yed
com pact tension specimens GRA

N76-19436~ Frankfo rd Arsenal , Phrladelphia Pa

-~ DEVELOPMENT OF INTENSIOSTAT IC-GALVA NIC STRESS N75.32188# Naval Air Development Center , Warm inster . Pa
- CORROSION TEST FOR HIGH STRENGTH ALUMINUM Air Vehicle Technology Dept

7 ~~l ALLOYS EFFECTS OF GRAPHITE-EPOXY COMPOSITE MATERIALS
Joseph J Gordon and James V Rinnovatore Mar 1974 15 p ON THE CORROSION BEHAVIOR OF AI RCRAFT ALLOYS

a, rels P Fischer and J DeLuccia 3 Apr 1975 38 p refs
IAD-A002599 FA M74 - 6- 1( Avail NTIS CSCL 11/6 (AD -A0 1012 7 , NADC-7503 1 - 30l Avail NTIS CSCL 11/ 6

Si An investigation was performed to identify improved methods The electrochemica ) approach was used to show the nature
for determining the stress corrosion resistance of strain hardenable of the galvanic corrosion when graphite-ep oxy composite materials
5083 alloy and heat-treatable high strength 7075 and 7050 are coupled to aluminum and titani um alloys An open circuit

S alloys An inlr.nsiostatnc test method was investigated for strain potential difference of one volt was obtained in 3 5% NaCt solution
hardenable 5083 alloy and the results showed that the test is betw,en the composite and 7075-16 , 70 75-T 6 5 i  and 5052

3,
~s
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H38 alloys This potential difference proiides a driving force and 3 5% NaCI solution at three temperatures 298K l2SCl,
for corrosion and is cause for concern The T i-6-4 showed a 323K (50C1. and 348K (75Cl The corrosion rate was determined

. —. - differ.nce of about 0 3 vo lt fo r the unp olished as received material by the weight change and was monitored for times up to
.i Corrosion current data (zero impedance technique( indicete that 1000 hr The corrosion rates were maximum immediately after

aluminum alloys and cadmium plate are much more reactive the initial immersion and decreased with increasing time of
than Ti.6-4 when coupled to graphite-epoxy This technique exposure The NaCI solution wes fan more corrosive than the

provid•s a means of ranking the seve rity of this corrosion problem distilled water , and increasing the temperature resulted in an
I for various a ircraft alloys . Flatw is e tensile data indicate significant increased co rr osi on rate The mode of attack appears to be crevice

strength losses when graphite-epoxy composite sandwic h corrosion promoted by galvanic coupling between the aluminum
specimens are exposed to ASTM 5% sa lt spray and synthetic ri ntr ix and graphite fibers GRA
sea water - S02 spray environments. GRA

N7B-1422O// Flow Research , Inc Kent. Wash
N75-32227# Imperial CoIl of Science and Technology. London REACTIONS AND ELECTROCHEMICAL KINETICS OF
(England) Dept of Metallurgy and Materials Science NEWLY-GENERATED METAL SURFACES Final Sci•ntific
PRE.EXPOSURE EMBRIULEMENT AND STRESS CORRO Report. 1 May 1972 - 30 Jun 1975

lION FAILURE IN HIGH STRENGTH AI-Sn.Mg ALLOYS Theodore P Beck Jul 1975 22 p rels
Final Technical Report. 12 Jan. 1974 - 11 Jen. 1976 (Contract F44620 - 72-C 0070, AF Pro1 95361
Geoffrey M Scamans. Reza Alani , and Peter A Swann Feb IAD-AO1 3843 AFOSR - 7 5- 1O 74TR I  Avail NTIS CSCL 07/4
1975 29 p refs Air Force flight vehicles must withstand increasingly complex
(Grant DA-E RO-124-74 -G0033 : GA Prol. 00 1-6 1102-8- 320 1 envirortrnrenta) and operatio nal regumes Fundamental knowledge
IAD.A0 10491( Avail NTIS CSCL 11/ 6 of the mechanisms of fatigue arid fracture of flight structures is

It has been found that a high purity Al-6%Zn-3%Mg alloy required. This research is related to the understanding of crack
becomes embrittled if pre-exposed to moist gases prior to tensile propagation . stress corrosion and corrosion fatigue in titanium
testing. The degree of embrittlement increases with the time and other metals An etectrochemical mass transport kinetic
of pre-esposure and with the temperature and relative humidity IMTK I mode) was previously formulated by the author to
of the pre-exposure environment The alloy is most sensitive to quantrtatrvely describe the electrochemic~ events in a crack
embrittlemen t when solution treated at 475C but this Sensitivity The research described was done to fulfill the requirement of
can be reduced considerably if the surface film formed at 475C the model for quantitative data on new titanium surfaces and
is removed by electrop olishing The embritt lement is not strain to develop a genera) understanding of the kinetics of she
rate sensitive and the ductility of the pre-ettposed alloy cannot repassivati on process G PA
be recovered by storing unstressed in dry air or in vacuo ,
However , the ductility of ambrittled specimens can be fully restored
if tensile testing is carried out under vacuum if 1 7% copper N76-14248# American Univ - Washington. DC Dept of
or 0. 14% chromium are added to the high purity alloy the rate Chemistry
of embrittlament is reduced and is even more reduced in the STRESS CORROSION CRACKING CONTROL MEASURES,

L a commercial 7075 alloy GRA 4: ALUMINUM ALLOYS
j  B F Brown Jun 1975 40 p uefs

(Contract N00014- 6B A-0247-0007, NA Proj 036-103)
N75-33248# Naval Ship Research and Development Center , (AD-A 0136 1 1) Avail NTIS CSCL 11/6
Bethesda, Md Materials Dept The most prevalent form of SCC service failures in aluminumr ~ ENHANCEMENT OF FATIGUE. CREEP , AND STRESS- alloys is caused by a combination oh water . aqueous solutions
CORROSION RESISTANCE BY SURFACE TREATMENTS or atmospheric moisture alloy of susceptible composition andr, I R Kramer Jun . 1975 30 p refs Submitted for publication structure, and sustained tensile stresses, most often ~au5ed by
(AD-AOl 1038; NSRDC-4546) Avail NTIS CSCL i3 ,’8 heat treatment or assembly The principal practical measures to

By considering the nature of the surface layer formed as a control SCC are Ill select an alloy of minimum susceptibility
result of plastic deformation , substantial improvements may be (2 ) for wroug ht alloy, ta ke precautions not to umpose high sustained
made in the fatigue , Creep, and str ess-corrosion cracking stresses across the short transverse grain direction unless the
resistance. When the surface layer stress is decreased , the alloy and temper confer low susceptibu lity, (3 ) keep water and
fatigue and stress-corrosion cracking resistance is increased . When wate r vapor from the metal surface by providing natural drainage

S its relaxation rate is decreased , t he creep rate is also decreased and by painting. wish an inhibi tor such as chromate , (4) minimize
GRA .ipp or5unitres for chlorides to concentrate , 151 when using a

susceptible alloy and temper , compr essively stress the metal
surface by peering or rollr ny followed by painting, 6) use cathodic

N16-10308 # Rensselaer Polytechnic Inst . Troy, N V Dept protection . Ill do not permit mercury or its compounds in close
of Materials Engineering proximity to any aluminum structure GRA

I CORROSION FATIGUE OF Cu AND Cu 7,8% Al Final Report .
- 

- 
1 Mar, - 31 Aug. 1974

- 0 J Duquetse Dec 1974 10 p refs
IContract DAHCO4-74-C-0O 15( N76-14249# American Univ Washington , DC Dept of
(AD-AOl 1 398, ARO-12091 1-MS( Avail NTIS CSCL 11/6 Chemistry

• Transmission electron microscopy of pure copper esposed STRESS CORROSION CRACKING CONTROL MEASURES.
to air and to corrosive solutions under cyclic stresses shows 6. TITANIUM ALLOYS

-
~~~ 

, ‘~~~ that corrosion effectively softens metal surfaces by destroying B F Brown Jun 1975 25 p. refs
the dislocation cell structure and preventing its reformation , (Contract N00014-68-A - 0245 -0007 , NA Prol 036-103)
thus resulting in accelerated slip Addi tionally the preferential (AD - A0 136 12 )  Avail NTIS CSCL 11/ 6
corrosion of surface slip offsets and grain boundaries results in The practical 5CC hazards tc titanium involve a wide range

- 
- grooving of these areas and rapid intergranu la r crack initiation of environments F~ r some groups of environmen ts, such as natural

and similarly studies of Cu 7 8% Al alloy single crystals shows waters and nearly neutral aqueous solut iors , c cracking occurs
- “ corrosion to be specifically associated with sur face slip offsets only in the presence of a pre existing crack-like flaw , and fracture

CPA mechanics type tests readily characterize the SCC behavior of
$~i, alloys Unalloyed titanium and the widely used Ti-6%al-4%V alloy

are reasonabl y resistant to SCC in these environments For

~~
. ,~ 

N76-12146# Aerospace Corp - El Segundo. Calif Lab N204 and red fuming nitric acid, practical control of the problem
- Operations rs available through controlling the composition of the oxidizers

• , THE CORROSIS. ‘I OF 6061 ALUMINUM ALLOY-THOR NEL for which standard specifications are avarlable For the hot salt
W SO GRAPHITE COMPOSITE IN DISTILLE D WATER AND cracking problem during heat treatment meticulous cleanliness

NaCI SOLUTION lntenm Report of the titanium backed up preferably by excluding moisture and
‘ ‘~I!J Dennis L Dull, William C Harrigan, Jr . and Maurice F Amateau oxygen from the heat treating atmosphere. serves to control the
k. -~~ 8 May 1975 21 p refs problem Though untried in pract ice . a nickel barrier paint may

IContract FO4701-74 .C-0075l be useful when contamination at elevated tempe ratures cannota )AD-A01 176t , TR-O07 5(562 1(-2 , SAMSO-TR -75 -1 30) Avail be avoided in service Ihe alternative is to design for 13w operating
NTIS CSCL 11/4 stresses For some environments , such as methanol . mercury

The corrosion behavior of a 6061 aluminum alloy-Thornel cadmium or silver , the strategy is to exclude them from titanium
50 graphite composite has been examined in both distilled water surfaces GRA
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N7S-1426O~ Frankford Arsenal , Philadelphia , P~ (Contract N00014-74-C-0277 . NR Pro1 03 1-7 161
~, , CORR ELATION DETERMINATIONS BETWEEN STRESS IAD -A0 l46 11 . MM~ TR-7 5- 3OC I Avail Ni S CSCL It / S

CORROSION CHA RACTERIST ICS OF W R O U G H T  7039 The influence of loading mode on stress-coii :usion susceptibil-
ALUMINUM ARMOR AND OTHER ALLOY CHARACTER IS. ity has been examined for the following systems Ti BAI 1M5
TICS: BALLISTIC PERFORMANCE. YIELD STRENGTH . A N D  lv alloy/aqueous chlorides, alph a - brass/ammoniacal environ -
ELECTRICAL CONDUCTIVITY ments, 7075-T6 Al alloy in NaCI/ K2C 2O7 Solutions With the
Jam es V. Rinno v atore. Donald I Rorabaugh . and Albert Zalcmann exception of the alpha- brass/ammonia system . the stress -I Apr 1975 31 p ref corrosion susceptibility of the metels was foun d to be much
IDA Proi 1G6-62601 -A H- 7 1 (  grea ser under tensile Imod e II loading than torsional mode Ill)
1A0-AO 1398 1 FA-TR -75026 ) A vail NTIS CSCL 19/4 loading Further , in certain instances the addition of hydrogen -

The study was performed to determine whether a correlation recorr~ inatiori (cathodic( poisons , i e - arsenic was hound to
could be established between the stress corri sion resistance of enhance susceptibility to cracking as a function of loading mode
wrought 7039-T B aluminum armor platr and other alloy is interpreted to indicate that hydrogen damage is the dominant
characteristics such as ballistic performance , yield strength, and mechanism leading to failure Implications of these results to
electrical conductivity . A survey and statistical analysis were mechanistic understanding are discussed CPA
conducted on acceptance test data available for about 500
preproduction lots of 7039-TB plates GRA A73-43466 ft Improvement of the corrosion-fatigue strength

of aluminum alloys by exposure of the medium to a magnetic field
N76-15294ft Rensselaer Polytechnic Inst , Troy, N Y. Dept (Povyahenie korroaionno-uxtalostnoi procisnosti aliuminievogo plava
of Materials Engineering pri obrabotke sredy rnagnitnym pola.n). A, V. Karlashos and I. I -HYDROGEN ASSISTED FATIGUE CRACKING OF HIGH Priakhin (Kievskii Institut Inzhenerov Grazhdariskoi Aviatsii. Kiev .STRENGTH ALUMINUM ALLOYS Ukrainian SSR). Fziko-Khimich exkaia Mekhanika Mareria#ow , vol. 9,
E F Smith, III , P Jacko, and D J Duquette Aug 1975

no. 4, 1973. p. 23-26. 7 refs, In Ruasian.27 p refs
(Contracts N00014-67 -A-O1 17-0012 . N00014-75-C-O466, N A  A 7000-Oe unipolar constant magnetic field was applied to
Proj . 036-093) corrosive media (3% aqueous solution of NaCI. fresh water, and a

(AD -A 014477 ) Avail. NTIS CSCL 11/6 petroleum fuel) flowing at 0.5 m/sec. ‘T he test temperature was 20 C
High cycle tension-tension fatigue tests have been performed and the usable length 100 mm, It is shown that the fatigue strength

on a 7075-16 alloy in ai r. in 0 SN NeCI . pre-corroded in 0 SN in pure bending of aircraft aluminum 2-mm sheet samples exposed to
NaC I , re-heat-treated and tested in air Additionally fatigue tests the magnetized medium was greater than in the absence of a
were performed on a high purity analogue alloy. )A I-5 .5Zn magnetic field, V.P. 4
2 5Mg- 1 SCul in air , in 0 5N NaC) and in NaCI with applied
cathodic currents (hydrogen charged) Corrosion fatigue of the
high purity altoy resulted in intergranu lar crack rnttiation with a A74-24297 H Study of the speed of fatigue crack propaga-
shift to t iansgranu lar cracking as the crack propagated High tion in the case of light alloys arid titanium alloys (Etude de Ia vitexxe
charging currents and high cyclic stresses tended to reduce the de propagation des fissures tie fatigue dans Ic cat des alliages légers et
relative amount of intergranular cracking . Transgranular fatigue des alliagex de titane). C. Sertour and C. l-fi)aire (Soc iét é Nationale
fracture surfaces differed from those observed in air tests in Industrielle Aérospatiale . Suresnes, Hauts-de- Seine, France(, In-
that they were highly faceted )crystallographicl and exhibited Fatigue: Relations between metallurg ica l and mechanica l aspects;• cleavage-type markings These results indicate that corrosion Conference on Metallurgy, 15th , Saclay, Essonne, France, June 21 ,
fatigue of high-strength aluminum alloys is a hydrogen embrittle- 22, 1972 , Proceedings. (A74-24287 10-171 Gil -sur -Yvette , Essonne .
alloy Transgranu lar cracking occurs when high cyclic stresses~~ rr,ent process with hydrogen being produced by corrosion of the France , Institut National des Sciences et Techniques Nucléaires ,

1973, p. 337-354. In French.induce mobile dislocations which cause hydrogen migratron into
the ~ ain5 in fatigue-generated slip bands . GRA

A74-44538 ft Effects of corrodents on the fatigue life of anN76-15305# Dayton Univ Research Inst - Ohio
STAT IC  AND DYNAMIC FRACTURE PROPERTIES FOR ultra-high strength steel. J. V . Mann and D. S. Kemsley (Department
ALUMINUM ALLOY 7475-1651 AND 17351 Final Report , of Supply, Aeronautical Researc*i Laboratories , Melbourne,

Oct. 1973 - Dec. 1974 Australia), In: Effects of chemical environment on fracture pro-
R R. Cervay Apr 1975 38 p refs cessex; Proceedings of the Thi rd Tewksbury Symposium , Melbourne.
Contract F33615-74-C-5024 . AF Prol 7381) Australia , June 4.6, 1974 . (A74-44526 23-17) Melbou rne . University

(AO-AO14353 . AFM L-T R-75-201 Avail ‘IllS CSCL 11/6 of Melbourne. 1974, p. 207-220. 8 refs .
I ’ A broad base of mechanical property data we re developrid Notched SM 4340 steel specimens of IJTS 1570 MPa were

on two plates of Al 7475 One of the 1-1/2-inch thick plates fatigue’tested to fracture in repeated tension under a four-load-level
was in the 17351 condition and one was in the T651 condition program-loading sequence in very dry air and in seven ‘aggressive ’
The tensile properties of the 1651 plate were higher than those 

environments . wet air; four processing liquids in either dry or wet
of the T735 1 plate . Nearly all of the fracture toughness ests air; distilled water; and 3% NaCI solution. Fatigue lives ranged from
were invalid by ASTM test standards , those that were valid 

~~ programs (dry air) to 1 program (wet air plus phosphoric acid).indicate the material possesses good toughness The conditional Fractographic examination showed that in some instances cracktoughness values (K sub 01 for identical test conditions indicate
~~~ the 17351 processing possesses the superior toughness property initiation was unaffec ted , but crack propagation was rapid, whereas

The smooth and notched fatigue properties were about equal so in some other instances the reve rse was the case , Fatrgue crack

those of other 7000-series aluminum alloys . Constant amplitude propagation rates alone are thus insufficient to predict total fatigue
fatigue crack growth resistsnce was better than some older lives, (Author(
7000-series alloys arid similar to other new 7000-series alloys
while the stress corrosion cracking properties in a salt water

- ., ,~,_ environment were excellent Most of the tests were repeated A75-20448 fr Solubility of hydrogen in molybdenum and its
using specimens that had been subjected to 250 F 1121 Cl for alloys. T , Eguchi end S. Morozumu (Tol’ioku University, Sendai ,
1000 hours This time-temperature eirposure resulted in (1) a Japan). ,Jspa’t Insrift,t. of Metals , Journal , vol 38. Nov . 1974 , p.
slight reduction in tensile strength . (21 a slight increase ‘n 1019.1025, 26 reft ,  In Jt’oanese, with abstract in English

C conditional toughness (K sub UI for the 1651 plate and a small Solubility of hydri.~_n at one atmosphere of pressure in
decrease in K sub 0 for the 17351 heat treated plate . (3) a molybdenum and itt binary solid solution alloys ~ontaining titanium,
slight reduction in fatigue properties , and ( 4) negligible effect zirconium, vanadium, and niobium respectivel y was measured in the
on the fatigue crack growth rate and corros ion properties 600-1200 C range , Various resu lts correlating volubility with temper-

a’, ..4~~ti Author )GRA ( 
ature . alloy composition , relative partial molar entropy and enthalpy.

‘ “t specific heat coefficient , latt ice strain induced by alloying, and
N76-15308# Mar-tin Marietta Labs , Baltimore , Md vibrational frequency of the hydrogen atom are presented , S,J . M
THE INFLUENCE OF LOADING MODE ON THE STRESS
CORROSION SUSCEPTIBILITY OF VARIOUS ALLOY/
ENVIRONMENT SYSTEMS Interim Technical Report
J A S. Green . H W Hayden . and W C. Montague Aug N74-72907 McDonnell-Doug las Corp . Long Beech CaliI
1975 35 p refs Aircraft Div
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EVALUATION OF HIGH STRENGTH STEELS FOR HEAVY EFFECT OF MICROSTRUCTURE AND ENVIR ONMENT ON
SECTION APPLICATIONS Engine.rin g T.chnica l Report STRESS C O R R O S I O N  OF 7075 ALUMINUM ALLOY
C V Thrash Nov 1965 145 p Research Report

-
, ~

‘ (AD 7724 17 . DA C- LB-32437 ) C. Geschwind and P N Adler Jan 1973 29 p
Static and dynamic properties of these high strength steels IAD-756236 , AM 564J)

were determined marage 250 , marage 300. HP 9 Ni’4 Co-45C Grain boundary microstructure as well as the ph in a chloride
Imarlensuticl . lIP 9 Ni-4Co-45C )bainit ic). 4340 (260 to 280 ion solution environme-us was found so be significant to stress
ksil, 4330v and H y-Tuf The properties investigated were tensile corrosion attack in 7075 aluminum alloys . The influence of these
and notch tensile, axial fatigue . notched (K sub I threel and factors on both the initiation and propagation of cracking and
unnotched 1K sub t one), fracture toughn ess , face crack and the mode of attack in thes’- alloys are described Microstructura l
:hrough crack . chatpy v - notch impact resistance to hydrogen modifications so attain desirable stress corrosion resistance are
embrittleme rit cracking. sustained load and resistance to stress suggested Author
.orrosion cracking Modified Author Abstract

76-OI0~~ Alpha Research and Development . Inc - Elverson ,
N76-77588 Battelle Columbus Labs . Ohio Pa
S U B C R I T I C A L  C R A C K  GROWTH UNDER SUSTAINED THE EFFECTS OF COMPOSITION. ENVIRONMENT AND
LOADING AS EFFECTED BY STRESS MODE AND STRESS ON THE DURABILITY OF COMPOSITE BONDS
CORROSIVE ENVIRONMENT Final Scientific Report Fina l Report. 10 Mar . 1971 - 10 Mar, 1972
Dean N W lliam~ Jul 1974 13 p R L. Patrick , J. A. Brown. and L. Dunbar Mar 1972 45 p
IConlract AF -AF O SR-22 83 .72 ,  AF Prol . 9761( Contract N00019-71-C-0277 (
IA D-783263 , AFOSR -TR - 74- 1223) )AD-762080l

Subcritical crack growth under sustained load in a It was shown that a single recrystallization of
- - T i - 4A l-3Mo- 1V alloy has been investigated using compact tension m-pheny)enediamine (MPD~~l was most effecti ve in generating

specimens under constant load Crack growth sufficient to cause optimum crack propagation values in the MPDA cured eposy
failure in less than one week was observed at initial Stress system. It was also shown that stoichiometric quantities 1145 phil
intensities as low as 045 K sub c Subcritical crack ~lrOWth of MPDA provided the highest crack propagation values Fillers
was not attributable to stress corrosion , it occurred more readily were examined and a flat platelets (aluminum silicate) and rounded.
in vacuum than in salt water Since the alloy was stabilized in granular (zirconium silicatel particles were utilized at various
vacuum prior to test . metallurgical instability alsc appears an particle sizes and concentrations . The highest crack propagation
unlikel y contributory factor Tests of specimens of several value was obtained at 50 phr with the 1 5 micron aluminum
thicknesses having variable degrees of tri aui a l loading across silicate As the ,ize of the filler particles increased . c rack
the cra ck front suggest that subcri lrcal crack growth is con t rolled propagation approached , indicating that large particles were more
by the combined influences of creep in the uncracked surface effective as crack stoppers in filled adhesive systems Author
region under plane stress loading and strain-dependent plane -u

- strain fracture in the central region and triasial loading
Modified Author Abstract

76 -06003 Rensselaer Polytechnic Inst - Troy , N V
CORROSION FATIGUE CRACK INITIATION IN Cu AND

r ~ N75-77861 Naval Air Development Center. Warminste r , P~ Cu 7 8 PERCENT AlAir Vehicte Tech, Dept D. Dequette P Andresen. and H Masuda 1973 8 p Pub inTHE EFFECTS OF CHROMATE CONVERSION COATING 
unidentified b u rns)

~~ ALUMINUM STRESS CORROSION SPECIMENS Progress (Contract DAHCO4-71-C-0022 DA Proj 2 ’0-06 1102 .B- 32 -D (Report (AD-770209 , ARO D-974 1 2-MCII S. Shaffer Mar 1974 16 p The origin of corrosion fatigue cracking has generally been(AD-77703 1 , NIAOC.74041-30 1 associ ated with either pitting, various forms ~f stress assistedA major problem in assessing stress corrosion susceptibility dissolution or localized film rupture To date most studies ofof 7XXX series aluminum alloys by alternate i m mersion in a 
corrosi on fatigue have concentrated on the examinations of cycles3 5 percent NaCI aqueous solution is escessive pitting corrosion 
~ failure data or on post failure observation of cracking AnAn investigation was initiated so determine if chromate conversion important exception to this type of examination has been thesurface treatment would improve the sensitivity of the alternate 
work of Forsyth in high strength aluminum alloys The presentimmersion test by minimizing pitting and gross corrosion Results study Outlines an investigation on the effect of slip character onof alternate immersion tests of coated and bare 7075 tensile corrosio n fat igue crack initiation by comparing the surfacebar and C-ring specimens showed that stress corrosion cracks characteristics of a wavy slip material lCu( with a planar slip$ were easier to detect on chromate conversion ,.oated material lCu-7 8 percent Al) esposed to cyclic st resses and 7specimens Author aggressive environments Modified Author Abstract

ii N75-78006 Air Force Materials Lab - Wright-Patterson AFB. 76-06004 Frankford Arsenal , Philadelphia, Pa
Ohio S T R E S S  CORROSION SUSCEPTIBILITY OF ALUMINUM

‘a- - . I I IY OROFLUOROCARB ON SEALANTS WITH I M P R O V E D  CARTRIDGE CASES Technical Research Report
LOW TEMPERATURE AND STRESS CORROSION M A Pelensk y and A Gallac io Sep 1973 39 p
PROPERTIES Final Report. Jan, 1969 - Nov. 1972 IDA Proj. 1W  562604-A-O1O)
W F Anspach Nov 1974 40 p (A D-778737 , FA-R -209 1)
IAF R’og 7340) The report concerns the investigation of Stress corrosion

~~, 
IAD-A0 06 16 1 A F ML-T R-72-29 0  GIDEP-50 1 9000 0O- G7- 0 1( cracking of experimental alurrinum cartridge cases in a 6 percent

~~~~~ 

- 
prepare d which exhibit significantly improved low temperature 7475 aluminum alloy, tempered to 16 or 173 condition, and 

4

H ydrof)uc-rocarbon integral fuel tank sealants have been sodium chloride boiling solution The cases 15 . 56 mm were of

and stress corrosion properties This report discusses compounding the empty cases assembled with prolect iles to represent the
effects. evaluJ t io n of adhesion enhancement techniques and a stressed condition of finished cartridges Stresses applied to the

substrates in contact w i th  the sea la nts and compounding interference , i e - projectile diameter vs internal diameter of the
basic investigation of the stress corrosion susceptibility of titanium mouth rim and neck of the cases were calculated from the

- 
- ingredients cointained in them Data is presented and discussed case mouth and the case neck wall thickness For each of three

w hich demonstrates both the advantages and limitations of these calculated stress levels, a range of failure times was observed
fuel tank sealing materials Resin primers look very promising Modified Author Abstract
and when used with the AFML hydroftuorocarbon sealants

~~~~ 

strength of the sealant LOAD

described here. produce a bond to titanium substrates which is 7806~~~ Battelle Columbus Labs Ohiocompletely - .stusfactory in that it equals or exceeds the cohesive S U B C R I T I C A L  CRACK GROWT H UNDER SUSTAINED

Dean N Williams Mar 1974 10 p Pub in Met Trans - v 5.

76 - 06001 Grumman Aircraft Engineering Corp - Bethpage , Contract AF -AFOSR .22 83- 72, AF Prol 9761)
N Y  IAD-AO06O56 , AFOSR.T R-7 5.23 7)
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Compact tension specimens of annealed ti - 4Al - 3Mo - lv strens corrosion was found in any of the tests conducted The
were exposed under sustained load for periods of up to 8 days material also exhibited immunity to exfoliation in both salt spray
to determine the effects of initial stress intensity and test and constant immersion tests Author
environmen t on subcritical crack growth Crack growt h occurred
by a tunneling process with no surface crack extension until
lust prior to final rapid failure Crack growth in vacuum or moist
air environments occurred at stress intensities as low as 40 pci 76 - 06009 A rrni~ Mateiia)s and Mechanics Research Center

of the fr acture toughness. arid there was no evidence of a threshold Wat ertown Mass
stress intensity below which crack gmowth would not occur MICROST RUCTURAL EFFECTS ON THE STRESS
Specimens tested in salt wateu behaved similarly at stress CORROSION CRACKING BEHAVIOR OF Ti -8A1-l Mo- 1V IN
int ensities of greater than about 60 pct of the fracture METHANOLIC AND CHLORIDE SOLUTIONS Final R.port
toughness , but showed crack arrest at lower stress intensities Walter F C,ryrklis and Milton Levy Oct 1975 t5  p
At lower stress intensities. resistance to crack growth in a saltwater IDA Pro1 1 T1 62105 Aft 84)

enviro nment w a s  superior to that ri vacuum or moist air lAD A0 18793 AMMRC - TR 75 -211

Subcritical crack growth was meadi l y identified on the fracture The stress corrosi on cracking behavior of Ti-SAl lMo- 1V has
surface after exposure in a)) tI’ cc environments through the been studied in severa l  environments Of the environments

presen ce of numerous cleavage-like facets A critical stra in emp loyed , methanol with a small addition of hydrochloric acid
coni,ept with crack growth Occurring as a result of creep was found to be the most aggressive Altering the microstructuri-

processes can be used to explain the results Author of the alloy produced a marked improvement in resistance to
stress corrosion cracking in distilled water and salt water media
The SCC susceptibility was also significantly decreased by the
addi tion ot sodium nitrate to both salt water and methanol plus

76-06006 Sattelle Columbus Labs . Ohio hydrochloric acid environments Fracsographic anal yses have beer~
EFFECT OF SPECIMEN THICKNESS ON S U B C R I T I C A L  carrred out and related to SCC behavior Author
CRACK GROWTH UNDER SUSTAINED LOAD
D N Williams Jul 1974 9 p Pub. in Mater Sci Engr -
v 18, 1975 p 149-155
(Contract Al AF OSR-2283-72 ,  AF Proi 9761) 76 0b010 Hawker Smddeley Aviation Ltd . Stockport lEnglandl

AD-A009691 A FO SR-T R .7 5 - 0573( STRESS-CORROSION CRACKING AND THE AIRCRAFT

Subcritical crack growth under sustained load in annealed 
INDUSTRY

T i -4A 1-3M otV (117  K.S I. y vld strength( was measured using 
j  Fielding 11973 1 2 p Repr from J. I nst Met Londonl,

co mpact tension specimens of three thicknesses. 0.75. 0.25 and 
v 101 , Sep 1973 p 238-240

? 0 13 inch Crack growth terminating in failure occurred under 
1EI174O52427 1 . Reps-42427 11

constant load in all three specimens at initial stress intensities
well below the critical stress intensity as measured in rising
load tests Time to failure at low initia l Stress intensity was

I,... - J considerably increased by increased mised mode stress conditions,
it was appreciably longer in 0. 13 than in 025 inch thick
specimens Howev er . time to failure was about the same in
0 75 inch thick specimens, tested under linear elastic plane strain

l.f conditions, as in 025 inch thick specrmens Specimen size affected
the kinetics of crack growth and the shape of the crack surface
developed under sustained load Up to the point of final unstable
failure . fr acture occurred almost exclusivel y in material under
t riaxial stress. resulting in a considerable amount of crack front
bowing Author

76 - 06007 FI~ w Research , Inc Kent . Wash
REACTIONS AND KINETICS 

‘
OF N E W L Y  G E N E R A T E D

TITANIUM S U R F A C E S  AND RELEVANCE TO STRESS
CORROSION C R A C K I N G
T R. Beck 1974 10 p Pub in Corrosion-Nace, v 30, no 11 ,
Nov. 1974 p 408-414
(Contract F44620-72.C-OO7O, AF Pro1 9536)
IAD-A010302; AFOSR -TR - 7 5-0523 (

for new meta l surfaces produced by fast fracture in electrolytes
Instrumentation is described for obtaining current-time curves

• under potentiostatic conditions . Measured anodic current densities
for titanium specimens in acid solutions decayed about a million
fold in a trme of 000 1 to 1000 sec at which steady state was
approached. Analysis of the experimental data indicates the actual

~~~~~ ~~~~~ ini tial current density for anodic dissolution is more than
10 A/sq cm in 3M HCI and may be orders of magnitude greater
Thus stress corrosion crack propagation by an anodic process in

‘~~~~ titanium cannot be ruled Out. Formation of metal salt films would
be predicted at high anodic current densities in cracks

~~ Calculations show that formation arid growth of a salt film in
the tip region would give a rapidly decaying current density

• moving away from the tip which would keep the tip sharp This
phenomenon may be called the electrochemica l knife, Author

I

76-06006 Naval Air Development Center, Warmmnster , Pa
Ai r Vehicle Technology Dept

ALUMINUM ALLOY Progress Report
STRESS CORROSION RESISTANCE OF 7050-173

I Shaffer Sep. 1975 13 p
IAD-A015966; NADC-75205-30l

r~~ - ~~~~~ The oblective of this investigation was to evaluate the stress
P corrosion behavior of the 7050 aluminum alloy in the overaged

C 173 heat treat condition Stress corrosion ests were conducted
using both smooth and precracked specimens. No evidence of
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0 assembl es, Results of studies of the conditions for excessive wear in
those parts are presented. The nature of fretting corrosion and its
effect on the durability of aircraft parts is investi gated. Recommen

VV EAR dationu are made for the reductio-r of various kinds Øf wear in
aircraft pa’ , PT H,

N74-33fl8’# National Aeronautics and Space Administration
Lewis Research Center. Cleveland. Ohio
FRETTING IN AIRCRAFT TURBINE ENGINES
Robert L Johnson and Robert C Bill (1974J 17 p refs
Presented at the Specialists Meeting on Friction and Wear in
Aircraf t  Systems , Munich, 11- 12 Oct 1974 , sponsored by
AGARD
INASA-TM-X-71606. E-$09O) Avail NTIS I-IC $3 00 CSCL
21 E

The problem of fretting in aircraft turbine engines is discussed
Critical fr etting can occur on fan, compressor . and turbine blade
mountings. as well as on splines. rolling element bearing races,
and secondary sealing elements of face type seals . Structural
fatigue failures have been shown to on-ur at fretted areas on
component pans . Methods used by di iugners to reduce the effects
of fretting are given Author

N76 - 104-85e Naval A u  Propulsion Test Centei , Trenton, NJ
EVALUA IIO N OF MIL L- 23699 LUBRICANT PERFORM-
ANCE IN THE TF4 1-A-2  ENGINE Fina l Report
Fi ank Fe nberg May 1975 23 p mets

• AD - Aol 1441 NAPTC PE 59 Avail NTIS CSCL 11/8
An eval u ation was male of the service performa nce

h,i ’ ,i tenis lics of M IL L 236998 oils in TF41 - A -2 engmnes
Opeu ,rrioira l •-x pe nierrce and problems as well as the condition
u I  thu lubricant w et eil en girmi’ coniponeuits at ov erhaul  are
iliscus-ed Recon rien idatrotrs are made con cer n ing the expected

j  lv ol MIL , 23F9N8 oils inn the t F4t  A - 2 engine ( H A

A74-16696 Evaluat ion of methods for reducing fretting
fatigue damage in 2024-T3 aluminum lap joints, J. P. Sandifer
( Lockheed California Co. , Burbank . Calif.). Wear, vol. 26, Dec. 1973,
p 405412 lrefs

~ Fatigue strength of aluminum lap joints subjected to fretting can
r~ vary widely, depending on the type of treatments applied to the

faying surfaces . Many materials normally selected for their lubricity
or good wear properties cannot be used in a bolted joint because of
their interference with the load transfer requirements of the joint.
Th is the best methods found in this evaluation in order of their
effectiveness were bonded and shot-peened , bonded alone, thot-
peened alone, and bonded steel wear pads. These techniques
increased the fatigue strength at 10000,000 cycles of an untreated
•om nt from 12 ksi sos masimum of 23 ksi , (Author )

A74.28677 Effect of metallic wear on synthetic lubricant
deposition. J. P. Cuellar and B. B. Batter (Southwest Research
Institute . San Antonio , Tex,(, American Society of Lubrication
Engineers , Annual Meeting. 29th, Cleveland, Ohio , Apr , 28-May 2,

- S 7974~ Preprint 74AM-JA -2. 7 p. Membeis. $1.50; nonmembers,
$2.00. Contract No, F33615-72-C-1097 .

• A special test method was utilized to study the effect of wear
metal generation on deposit ratings. The concentration of iron in the
test lubricant and in the principal deposits was monitored by atomic
absorption spectroscopy. A direct indication of the extent of wear
metal generation was provided by weight lost measurements of

- 
- spring-loaded mild steel wear plates mounted within the tvst-

~ ,,~~
Ij lubricant tump. Significant deposit rating increases were found in

many instances , depending upon the test lubricant and magnitude of
wear , It us concluded that a knowledge of the inherent wear process

a - is imperative in any definitive study of lubricant deposition, (Author l

Pr
A 15-15320 v Enhancement of wear ratistance of iircraft

we parts (Povyshenie isnosostoikosti detalei tamoletos). K. A. Krylov.
Moscow , fzdatet ’utvo Transport , 1974, 144 p. 99 refs . In Russian,

The present work examines the causes of insufficient wear
~~~ ••

i resistance of the rubbing parts in the hinge and pin jo ints of aircraft
undercarriages the valves and piston pairs of hydraulic , oil , and fuel

‘ system assemblies, and the slotted parts of engines and other
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O 8 gravimetric method Tests  we re  conducted a simulat•d
- conditions, and also directly under conditions of operation of

-; 
.- the following equipment GRA

r GENERALANDGALVANIC
CORROSION N74-17261~ Air Force Systems Command. Wr ,ght-Patt.rsonr ~ 

AFB. Ohio Foreign Technology Div
N73-26621# Air Force Systems Command , Wright -Pett&so n C ORROSION AND EUCTROCHEMICAL BEHAVIOR OF. 
AFB. Ohio Foreign Technology Div ALLOYS OF THE TI-Mo-C , SYSTEM IN SOLUTION OF
THE EFFECT OF PRELIMINARY HEAT TREATMENTS ON ACIDS
THE CORROSION OF TITANIUM ALLOY TVO N 13 Tomashov and Vu S Ruskol 29 Oct 1973 11 p r•fs
0 M Shapovalova, L. P Kurilekh , and E. L Karnenshchik 12 Apr. Trensl. into ENGUSH from the publ ‘Movy y Konstruk tss onny
1973 17 p refs Transl into ENGLISH from Sb. Tr Met Material - Titan” USSR , 1972 p 166-170
Khim Titana (USSRI. no 5. 1970 p 90-99 (AD-789994 , FTD-HT-23-1 5 1-74 ) Avail NTIS CSCI. 11/6
(AD .759626, FTD.MT-24- 1712 ’ 7 2( Avail NTIS CSCL 11/6 The addition of chromium to alloys of the Ti’Mo systen

The report gives the results of investigation of the effect of reduces the tendency toward repassivatson caused by the presence
quanching on the corrosion of secondary titanium alloy (TVO). of Mo. The alloy Ti-5Mo- 10Cr, in th, potential rang. 0 5-

GRA 1.2 V . has the same low corrosion rate as titanium or the alloy
Ti-lOCr At potentials above 1 2 V the corrosion rate of Ti-Mo-Cr
alloys increases With an increase in Mo content from 5 to
20% in alloys of the Ti-Cr system the corrosion rate in the

N74-15196# Naval Research Lab - Washington , 0 C range of potentials of repassivation with respect to chromium
CORROSION CHARACTERIZAT iON AND RESPONSE TO increases After the corrosion of alloys of the Ti-Mo system at
CATHOD! C PROTECTION OF EIGHT WIRE ROPE MATER I~ pote ntials of repessivation , there occurs an increase in the surface
ALS IN SEA WATER Final Report layer of titanium and a decrease in molybdenum GRA
I J lr-nnox . Jr R E Groover and M H Peterson 12 Sep

— 1973 56 p rels
• IAD-767924, NRL 75B4) Avail NTIS CSCL 11/6 ‘I

l’be corrosion behavior and response to cathodic protection P474-181880 Naval Research Lab - Washington, DC
from zinc anodes have been studied on eight wire rope materials THE EFFECT OF MERCURY AND TIN FROM ALUMINUM
during 790 days exposure in sea water at the NRL Marin e GALVANIC AN” ,JES ON THE CORROSION CHARACTERIS-
Corrosion Research Laboratory . Key West, Florida The titanium TICS OF 5086-H34 AND 606 1-T6 A L U M I N U M  Finef
alloy 1,V 1 1Cr’3Al the nickel-base alloy, and the aluminized Report

- 
steel were inherently corrosion resistant Based solely on corrosion T . J. Lennox, Jr - R E Groover , and M H Peterson 16 Nov

-
~ resist ance , their use would be suitable for two years total 1973 31 p refs

immersion in sea water even w ilhOut cathodic protection 1SF51542602(
I Unprotected phosphor bronze. galvenized steel , and copper~nickel (AD- 77 1719; NRL-764B( Avail NTIS CSCL 11 , 6

clad stainless steels are not suitable for extended use in sea Corrosion behavior studies were conducted in seawater for
wat er Phosphor bronze and galvanized steel would be satisfactory 696 days. There were rio indications that corrosion products
for  long-term service if cathodically protected The 90/ 10 from either the Al-Hg-Zn or the Al-Sn-Zn galvanic anodes csused
copper-nickel clad Type 3O4 L stainless steel was essentially increased corrosion Neither Hg nor Sn was found, by electron
corrosion free when cathodically protected Pitting was not microprobe analysis, at corroded areas The eler ’ ron ml -
eliminated on unclad Type 3O4 L stainless steel even when croprobe did reveal that the most severe focalited corrosion
cathodically protected The 90,110 copper-nickel clad Type 205 occurred where copper , the source of which was unknown , had
stainless steel showed localized corrosion on some of the wires redeposited on the structural aluminum specimens Cathodic
when cathodrcally protected with a zinc anode (Modified author protection from either the Al~Hg-Zrr or the Al-Sn’Zn anodes

I abstract ) GRA virtually eliminated corrosion on the 5086-H34 and 6061 -T6
aluminum specimens that were either continuously or alternately

- immersed in seawater , except for slight corrosion under some
N74-152O3~) Air Force Systems Command. Wright-Patterson of the anodes As expected , cathodic protection was only partially
A I B , Ohio Foreign Technology Div - effective when it was provided for only the first 186 days of
THE BEHAVIOR OF TITANIUM BASE ALLOYS IN THE the 696 days of esposure The slighl corrosion and the buildup

- AGGRESSIVE MEDIA OF SYNTHETIC RESIN PRODUCTION of bulky corrosion products between the anodes and the specimens
S L Lelchuk and G K GrelI 16 Oct 1973 6 p Transl into confirmed the advisability of using some type of a barrier such
EN GLISH from Novyn Konstns,’x’sionny Mater (Titanl, 1972 as zinc oxide paste or an organic coating between aluminum
p 192-193 anodes and the structure on which they are mounted (M odified
IFTO Prol 60107 . FTD Pro1 T74-O 1-lOl author abstract S GRA

t (AD-76904 6, FTD HT-23-157-74( Avail NTIS CSCL 11/6
An alloy of titanium with 32% Mo was tested for corrosion

resistance under production conditions for synthesizing bisphenol P474-19186k Army Materials and Mechanucs Research Center
- , - , A The resultant data show that it is corrosion resistant and Watertow n, Mass

can be used as a structural material for the reactor in the CORROSION BEHAVIOR OF DEPLETED URANIUM

~~ 
production of bisphenol A Titanium alloy with 32% Mo and TITANIUM AND URANIUM MOLYBDENUM ALLOYS

~~~~ titanium with 5% Ia were tested under experimental conditions Milton Levy, Chester V Zabuelsku and Gilbe m N Sklover Mai

- for synthesizinG VBFS-4 resin Both alloys were corrosion resistant 1973 27 p refs
‘~~c and can also be used as structural materials in the production IDA Pro1 1T O-62 105-A 349)

- - of V BFS-4 resin GRA IAD-~ 7295B AMMRC TR - 73 il l  Avail NTIS CSCL 1 1 6
The corrosion behavior of U 1 8Mo Li 3 7SMo U 1 761n

‘1:~ U-3 41 Ti and ur.a l)o~ ed urani um hau, been studied by mea i~ of
electrochemucal mneas u emeirt’, A t e e  pass ive  behavior  w a s

N74-16241a Air Force Systems Command Wright Patterson evhibited in s ulfuu c acid sodium hydii’u uu l r ’  arrumoni um hydrc ue le
‘
~
t AFB Ohio Foreign Technology Div sodium sulfate sodium ni t rate sodiu m’ hiomate and Cmmoi’ i u n ’tu

a THE P O S S I B I L I T Y  OF USING TITANIUM ALLOYS IN chromat e solutions Chloride additions as small as 0 00SM
• 1 EQUIPPING A CHEMICAL COMBINE destroyed pass’vity and caused putt riq Chiomates sulfates and

- C F N Tavadze , T M Dvali S N Mandzhgaladze E M Strikha. niirates behaved as m nhi b it ons in soluliont containing low
- and N 0 Damchiya 5 Nov 1973 33 p refs Transl into concentiat inns of chlorides ‘ISp uranium molybdenum alloys were

ENGLISH from the monograph - Novyy Konstiuk lsuonny Material more res i s t an t  to cor ros ion  n ch lo t iu te  solutions than the
- r ,~ Titan - 1972 p 206 220 uranium titaniu m ailoys Authoi IG RA I

lAD 769564 FTD HT - 23 - 162 - 741 Avail NTIS CSCI. 11 , 6
— T Sr ’ corrosio n behavior of certain titanium alloys in nndustr’a l

~~ ~‘j sulfa up -o lutuons and sulfate containing media was examined in N74-203981v Bell Aerospace Co Buffalo N V
order to study the possibility of using titanium in equipment for PROPELLANT IMPROVEMENT PROGRAM VOLUME 1,
a caprolaclam plant in a chemical combine The corrosion PART 2 MODIFIED HDA STUDIES Special Technical
recr slani ii 01 the t i tan ium a l loys  was  determined by the Report . Mar 1972 - Jul. 1973 
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Henry Ph Heubuscfl Oct 9 / 3  122 p refe ctserac tenize the effec t of galvanic coupling privalent betw.in
, Contuact F046t I 72 C Oii2s the aluminum matiix a d  the graphite fibers A compari son is

: lAD ~733 3 2 AF HPL TA 73 77 R~~~t 8643 928004 Av ai l made with aluminum-boron end with other materials icu ned to
NTIS CSCL 2 1, 9 graphite blocks Although the corrosion rate of the aluminum

Three compounds we-v  compared as repiacen uen!$ for HF matrix is increased by the presence of the graphite fiber , tho
as ha corrosion unhibulor 10 HDA High Uen~ity Ac.rf I The aluminum - graphite composite is only slightly more reactive than

the aluminum boron composite in the salt water solutioncompounds all containing phosphorous and fluorine were AHP 
Author (GRA(lAmmonnum heda fluorophosphatel PFS and mnnoffuoropho~phoruc acid Compar ison was based on results of 30 day ~OF N75-11OS$# Battelle Columbus Labs . Ohio Metals andst atic corros .. i tests with 606 1 aluminum and 347 stainless Caremica Information Center

sled The inhibitors were tested al three or four l.iuels of CORROSION OF METALS IN THE ATMOSPHERE
concentration and the metals were exposed separately to acid W K Boyd and F W Fink Aug 1974 86 p refsvapors and liquid Best results were with PF5 and AHP when (Contract DSA900.74-C 06161
used in the range 04 to 06 wt % Prefenence foi these inhibitors (AD 784943 MCIC-74-23) Avail NTIS HC $12 50 Ispecialover HF was further extended through 7 day tests at t2OF with pricel/MF $1250 lspecial price l CSCL 11/6other met als and non metals In all 26 materials were tested mw state-of-the-art report summarizes the main corrosionand the great malonuty were more compatible with the non-HF characteristics of the commercial metals commonly employedinhibitors The most striki ng observation was  reduction of for esternal applications Some of the factors that affect metalstainless steels from a Class II (Short Term Usagel to a Class I behavior in general are discussed at the Outset but since eachlSatrsfactor’y for General Usel rating Analytical methods were metal has a characteristic response so the corrosive consitit-
developed in the course of the p rog ram for colonumet nic uents in external atmospheres, some of these factors are againdetermination of the corrosion inhibitor and atomic absorption discussed in the sections on the •ndividual metals Included mdeterminations of iron chromium and nickel Modified author thia report are sections dealing with carbon, weathenng andabstrac tl GRA stainless steels , aluminum alloys, copper-base alloys, and zinc

and zinc-coated steel GRA

N74-2118 1e Army Coating and Chemic al Lab Aberdeen Proving
Ground , Md P476-72596 National Materials Advisory Board . Washington
SUBSTITUTION OF TOLYLTR IAZ OL E FOR MERCAPTO SE N D C
ZOTHIAZOLE IN MILITARY COOLANT INHIBITOR FORML, MATERIALS FOR WET OXIDATION PROCESSING
LATIONS Interim Report EQUIPMENT ISHIPBOARD I Final Repo rtRobert G Jamison and Charles B Jorda n Jan 1974 27 p Nov t973 90 p
refs ICorituact DA 49-083 O5A - 3 1311
IDA Proi 1T6 .626 1t  A tO9l IAD - 7 7 l 74 5  N M A B 312 l
(A D-774293 , CCL 3011 1 Ava ul NTIS CSCL 1 1 . 7  The report provides an overv iew of the wet oxidation process

The oblect of this study was to detni nnine the feasibility of and the potential materials of construction for the reaction vessel
L J substituting tol y ltruazole I’l l ir. - r e r i aptobenzorhiazole MBTi in Iou shipboard wastes l The wet oxidation process requires the

the corrosion inhibitor package used in mu it ai -5 cooianis ASTM wastes ) The wet osidat n process requires the conlaunment of
Glassware Corrosion Tests ID t 3~ 4 and Simu.iiateii Service Tests corrosive products Ithe material being processed can range from
102570 1 were conducted on va.uous blends of ani rutreeze . i ii,b,toix very , nC i i f iC  to ~~ght l y basic and over ‘ iroad spectrum of wastes)
with different percentages 0 sodium toly i tr i a,Oie ‘Na i l. The at el ,,ated temperatures and pressures Wet oxidation systemsit Nail caused foaming in the rests but a siiii rirra type aniifoam can be constructed from commercially pure titanium as well as
agent was found which controlled t f’ie to ,. ‘- rug R ” -x.-i t a of these from tit anium alloyed with palladium I 12 25%) This type of

~~ tests were correlat ed with s im i la r  test s urrra , ‘I, - I a amount system it is felt can be operated safely at approximatel y 500F
of MBT recommended urn coolaiii sperulicatuons , - . 4 5  of rIs, with reasonable assurance of moder ate life lapproxumately tO
sodium salt , 0 15% was b nd to tie lie opt rrium percentage yv ars I -fowever Should a longer life system be desired and
of Nail’ GRA ‘ ire which is virtually indestructible from a chemical point of

uuew a tantalum lined and coated titanium system would provide
rhr’ lir’ -,l choir,e ol materials Modified Author Aiistract

N74-27027 # Aerospace Corp El Seg undo Cal f Lab
n Opsrations

S THERMAL AND MECHANICAL EFFECTS ON THE CO RRO
SION BEHAVIOR OF Ti -6 Al 4V Report for Jan 1971 I~d75 70003 Air Force Systems Command Wright-Patt erson A FBJan. 1972 Ohro Foreign Technology DivDennis L Dull and Louis Raymond 31 Mar 1974 32 p refs C O R R O S I O N  RESISTANCE OF TITANIUM ALLOYS INContract F04701-73-C.0O74) MEDIA OF ORGANOCHL ORINE SYNTHESISl

~ 

IA O - 77 7 17O, TR- OO74(425O 10( 5, SAMSO T R - 7 4 - 7 3 1  Avail A M Suikhotin A A Pozdeeva G G Mikhanlova and N 6NTIS CSCL 11, F Boris iuina Oct 1973 11 p Tiansl into ENGLISH from theAnodic and cathodic polarization behaviors of Tr -6Al -4V were book Novyr Konst rukt Matenial-T ,tan ’ USSR 1972determined by potentuostatic and galvanostatic techniques in p 186 191deaemated 1, 5, and iON sulphuric acid solutions In the active FTD Proj 60107 , FTD Pro1 174.01 - 101region metallurgical proc essing, which included c,ld rolling and lAo 768434 FTD I-fT 23 - 156-74 lthermal treatment had no effect on the corrosion behavior It is Titanium - Mo alloy 4201 has high corrosion resistance ‘nsuggested that a titanium hydride film exists on the titanium media containing 10- 17% hydrochloric and 10% formic acids alalloy surface In the passive region plastic deformation resulting tooc An increase in the corro- nm resistance of titanium VT1 1S •~~~~~~~ from cold rolling increased the passive current density, whereas in organochlorine media in the presence of hydrochloric acid atcrystallographic texturing had no effecl The introduction of an 100C can be achiev ed by introducing an oxidizer for examp lealpha prime pease , resulting from thermal treatment produced 001-0 1% osygen Compounds of chlorine Titanium Vii 1 and•
an additional peak in the passive region Author IGRA I alloys 4204 and 420 1 break down very rapidly mu anhydrous

organochlonune media in the presence of phosgene and hydrogen
chloride at a temperature of about 140C

N74-27058# Aero s pace Corp - El Segundo, Calif
SALT WATER CORROSION BEHAVIOR OF ALUMINUM- N75-76480 Air Force Systems Command, Wright Patterson AFB
G R A P H I T E  COMPOSITE Technical Report. Apr . - Jun. Ohio Foreign Technology Div

‘1 1973 INV FSTIGATI ON OF THE STRUCTURE AND CORROISION
E George Kendall and Dennis L Dull 29 Mar 1974 18 p BEHAVI OR OF ALLOYS IN THE Ti-Ta-Cr

~~ ref s N 0 Tn,mashov and G P Clsernova Oct 1973 11 p Tr ansl
Contract Ff34701 -73-C-O074l m b  ENGLISH from the book Nov’yn Konstrukt Material-Titan

-

~~ 

IR-0074l9250-03I-2 , SAMS O- TR .74 -6 7 (  Avail USSR , 1972 p 158 - 162
NTIS CSCL 11/4 I FTD Pro1 60107. FTD Pro1 174-01 lOt

The corrosion behavior of an aluminum’grapftite composite IAD-768433, FTD HT 23 - t5O - 74’
in a salt waler solution has been investigated to qua l ita live ly Pol ytherma l cross sections of the Ti - Ta Cr system with a
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ratio of Ta Cr ~ 3 ~ ~ . 3 1 were constructed As the tantalum N75~~en~g Aeuo1et ~quid Rocket Co Sacramento Calif
content in the alloys increases the stability of the beta-phase STORABILIT~ .~~VEST IGATIONS OF WATE R VOLU ME 1

~ r ~ 
increases and the eutectuc transformation is shifted to the EXPERIMENTAL STUDIES Final Report . 15 Mar 1972
region of higher overall tantalum and chromium content and 16 Aug. 1973
l owest  temperalures As the tantalum content increases the F M Vanderwall , R E Anderson, and 6 A Janse. Dec 1973
corrosion rate for both quenched and annealed alloys decreases 140 p
The ternary Ti-Ta-Ct alloys with a ratio Ta Cr 3 1 and binary IContract FO46 11-72-C- 0062. AF rro~ 30591
Ti Ta alloys with 20% or more Ta become corrosion resistant in IAD-772804 , AFRPL- TR- 73 94’Vo i Il
a 5% HO solution at 100C Alloying titanium with chromium The oblecluve of this program is to gather data that will
reduces its corrosion properties in HCI solution The corrosion permit the Au Force to assess the long term storage characteristics
rate increases as the chromium content increases for both of water with respect to biological growth galvanic corrosion
4uenched and annealed alloys and changes in composition of the water , so that the feasibility

of long-term storage of water for use as a Iiartspiraiion coolant
can be determined Eleven metallic and twe l ve  nonmetallic

P475 78966 Air Force Systems Command, Wright-Patterson AF8 , materials are investigated Basic fluid/ material compatibilit y tests
Ohio Foreign Technology Div galvanic coup le measurements, biological growth tests . and

EXPERIENCE IN OPERATING TITANIUM EQUIPMENT IN long term storage tests are carried out Two types i t 
~~m x e

A CHEMICAL COMBINE used Oxygen - saturat ed, deionized, f i l tered and ox ygen  f ree
V M Brusentsova , V V Kotov , Vu I Kalunuchenko , and V I deionized, filtered An extensive ( i t erat om e survey and critical review
Symets Oct 1973 12 p Trans l into ENGLISH from the are conducled in cor-lunctuon with formulating the experimental
book Novyu Konstrukt Mater ia l’Tm tan ’ USSR , 1972 portion of the program In addition, a complete analysis is made
p 203 205 on a LAR coolant tank in which water had been stored for 2 5
IFTD PrOl 60107 , FTD Prol 174-01 - 101 years Author Modified PL
IAD-76932 2. FTD - HT 23 - 161 741

The corrosion resi ,tance of VII brand titanium was studied
in different technological media in a chemical combine The 76 -00001 Naval Civil Engineering Lab Port Hueneme Calif
possible areas for using titanium as the design material for A N A L Y S I S  OF HYDROPHONE SUPPORT STRUCTURE
prep aring equipment and parts in the following production AFTER 52-1 . 2  MONTHS EXPOSURE AT A DEPTH OF 5270
processes were determined . pr oduction of w e a k  nitric acid , FEET IN THE BARKING SANDS TEST RANG! , KAUA I ,
production of ca ta l yze ’s .  c hromuc acid and ferrous sulfide, HAWAII Final Technical Note
production of potassium nitrate. production of ureas. production James F Jenkins Mar t973 15 p
of caprolactam , and production of metaldehyde for metaldehyde lYF38534oo7l
solutions containing hydrochloric acid IAD.759674 . NCEL TN- 1267 l

The condition of the support struct ure for hydrophone 4 7
of the Barking Sands Test Range Kauau Hawaii was anal-~zed

N75-77309 Air Force Systems Command, Wright-Patterson AFB. after 52 1 2  morrrhs of eaposur. to seawater at a depth of
Ohio Foreign Technology Div 5270 feet The types and severity of corrosion on the various
AN EXPERIMENT USING TITANIUM EQUIPMENT IN THE structural components are described and anal yzed A prediction
CHEMICAL INDUSTRY of the additional lifetime 10 be expected from similar structures
Kh L. Iseutlin and S M Babisskaya Oct 1973 9 p Transl at this location us made Recommendations for extending the
into ENGLISH from the book Novyn Konstrukt Material-Titan ’ useful lifetimes of similar structures al this Site a u -  made
USSR t972 p 197 199 Author
IAF Prol 60107 , AF Pro1 174 - 01-10 1
lAD - 769321 FTD - HT- 23 - 159 74)

• 76 - 00002 Frankford Arsenal , Philadelp hma , Pa
CORROSION AND CORROSION PREVENT ION OF LIGHT
METAL ALLOYS

P475-77368 Air Force Systems Command . Wrig ht - Patterson AFB F red Pearlsteun and Leonard Teute l) Mar 1973 16 p (-‘esented

Ohio Foreign T’ -chnology Div at the Intern Cortosion Forum Devoted c xcl~~~xu . ; t to the ,~rnte-

THE C O M P A T I B I L I T Y  OF T I T A N I U M  A L L O Y S  WITH and Performance of Materials Anaheim Calif Papen no 114

HYDROGEN PEROXIDE SOLUTIONS 19-23 Mar 1973

V M Berenblum L A Khar itonova . I P Yak ushcheva and Z IDA Pro1 1T O-6 2 1O 5 A - 3281

P Zharukova Oct 1973 12 p Trans l into ENGLISH from the AD .764232 FA - A73 - 2 Paper 114 1

book ‘Novyu Konstrukt Material - Titan USSR 1972 The corr osion rates of bare and chromated 2024 T3 aluminum

1 I p 193 t97  and A Z 3  lB magnesium we re determined at s.-~ era l tropical

iFTD Prol 60107 FTO Prol T74 0 1- 10 1 environments marine open field rain fores t Weig ht losses for
lAD - 769320 FTD (-$1 23 - 158 741 magnesium were generall y greaten Ihan for aluminum but t here

Titanium , alloyed with aluminum and tin exhibits a sharp were instances of catast rop hic exfoliation corrosion of aluminum

r incr ease in corrosion resistance and a reduction in catalytic act iv i ty Chromate conversion coatings provided CIII’ tuve prcilem non to

in $1202 solutions Thermal oxidation of titanium of VII grade aluminum , but w e ru only moderately prot ec t- ~ e to magnesium
• ‘. - in air increases in Corrosion resistance len-fold at the marine s mte and provided rio protection at nonma uri .

sites The effect of environmental fac lors Ii e rainfall and s,n l r ta l l i

~~ 
on corrosion of aluminum and magnesium was sludned Tire ~~ ti-i I

of soil burial on Corrosion rates was also determined Doulili’

P175 17590 Air Force Systems Command Wright Patterson AF B 
sealin-~ nuc~ el acetate se al followed by dnchromate si-aI r of sulfuric

Ohio Foreign Technology 0iv anodized aluminum provided superior corrosion res is tance oven

MECHANISM OF TITANIUM CORROSION IN M I N E R A L  
more conventional sealing techniques Author

ACI CS AND THEIR MIXTURES
A P Brynza. L I Gerasyutuna uu md E A Zhuvotovsk uu Dcl
t 973  13 p Tranisl into ENGLISH from the book Novyu 76-00003 Air Force Systems Command Wrig ht Patterson A IB
Konstr ukt Material  Titan USSR 1972 p 174 t 79 Ohio Foreign Technology Div
IFT O prol 60107 FTD Prol T 7 4 - 0 1  10) INVESTIGATION OF THE CORROSION RESISTANCE OF

C lAD 768473 F1’D HI 23 163 74) ALLOYS OF THE TE Ta-Nb SYSTEM
The corrosion resistance and elertro rrrechan ica l behavior of N D Tomashov , T V Chukalovskaya 6 P Chernova P B

tr lanium in solulnons of sulphuric hydrochloric and 1>I umS 1 horic Budbeuq and A L Gavze Sep 1973 11 p Trans l into
acid in the 20 SOC temperat ure interval were studied It was ENGLISH from the book Novyi Konstruk t Material  Titan USSR

SW shown that given identical solution acidity the most aggressive 1972 p 162 166

~, 
n
~ with respec t no t it i ,ium us suulphnurrc ar id The addition of sodium IFID Proj 60107 , FTD PiOl 174 01 101

hioriu’l e and sulphate to phosphoric acid stimu liit u’S titanium mAD 768472 P10 HI 23 149 741
rlnssolutuon Sodium phosphates slow down nm tan uuu m corrosion in The corrosion behavior of the alloys of the Tm Ta-Nb sysiem

~~~ sulphuric and hydrochloric acid ‘.liqhil y i u uu ’ most p11,-i t rve in in 5% (-(Cl at lOG degrees was investigated It showed that as
this respect us tert iary sodium phosp hate A I )uundat ion was the Ta and Nb consent in the alloy increases to 15 20% the
developed to selecting a sOl m mi . nf l  liii thi’ chemn al ni ini,ival of corrosion rate drops slightly Ib y 1 5 to 2 times) and only upon
scala ~~hui h forms on lutanuuni at 180 82OC adding alloyrng elements does the corrosion rate drop sharply
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IJnnden these conditions Ta increases the corrosion resista n ce if
- the u m l r iy  -_ u nm in’ r’iI.-i t uxir ly tha n Nb

76 000~~ Sunnirna Conp Culver City Calul Hughes Helicopters

EVALUATIO FI OF THE EFFECTS OF CONTAMINATION BY
SILICATES OF ANODIZING SEAL WATER Final Repor i .
May - Jul 1973
John M Hoquu e i l  John Frenc h Jul 1973 24 p

- 
- Conut u~ u - t DAAJ Ot 13 1 - 0 3 / 8

AD /6869 1  HH 73 44 USAAVSCOM T N 73 111
An evaluation il the n-fl e c t s  uI contamination by ,,rl~ ~ tn”- iii

the seal w a te m on chromuc ii ul an odized aluminium was performed
The i’~, i l ts I t i n -  st an rlurd salt spray test indicate that t ime

I re sistance to corrosion ~~~is drasticall y iemlr r .nirl as the silicates
mncreased ,il,ijxe 4 parts i n-u nhulliorn The amount of corrosion
obtained w aS in pnoport lon to amounts u I  sm l i c , :ns  from 3 to
t O parts pi - m million No efIr ’i I wa s found on adhesive bond
strr ~

. m I l l l  as rrr ea suuui- ~l by I PEEL l i s t s  when rinsing followi ng
lur cui rnur. am il anodizirng w ith watei  co uutaiinmruq 1 to 100 parts

pen million il sm l ucate Modmtii -d Author Abstract

76 .00006 Lm.l kl,i’ed Califor n ia Co. Burbank
G A L V A N I C  CORROSION EFFECTS ASSOCIATED WITH
GRAPHITE COMPOSITE METAL JOINTS

• u G P Johnson , J S Fum tz en  and K E Weber Nov 1973 
• ‘ -

3 2 p
AD 7 / 6 4 2 5  LIt 26088 GID EP 347 1500 00 FB 04)

arid s l u m m c t m u u a m  metals e lectrochemical investigations , mechanicall y
f asten ed b unts adh esivel y bonded points and moisture permeation
in epoxy grap hite co mposites

) 

C u u r r t e u m t s  the qalsanic co m patibility of grap hite composites

~~ 

16 06006 Nasa) Intelligence Support Center. Washu n. , in 0 C
I m au is l at ion Div
CORROSION AND PROTECTION OF SEAGOING SHIPS
F V sk i , V A Klrmova and Vu L Kuzmun Sep 1974 13 p
tr , imis l  u m , t o  ENGLISH from Mono Korroziya i Zashchuta Morskilu h
Sudov ILenungradl . 1973 p 93 102 141. 142
AD 787290 NISC Trans 3587 1

~~~~ paper describes the corrosion resmst a nce of Al-Mg and
A; Mg Zn alloys in ships Comparisons are made with steel hulls
Flectroche nr istry of corrosion us discussed

Uhio School of EngineeringI 76 00007 Air Force Inst of Tech Wright-Patterson A FB

p THE GALVANIC C ORROSION OF G R A P H I T E  E P O X Y
I COMPOSITE MATERIALS COUPLED WITH ALLOYS MS.

Thesis
- 

I Ber inm e A Mm ller JI Dec 1975 99 p
- AD A0 19322 OA F MC 750- 8 1

r - A control led laboratory study was made of the galvanic
I corrosion that occurs when grap hite - epoxy composite materialr - 

I GECM I iS coupled with various alloys in nueutra l 3 ~~ aqueo us
NaCI nt roo m te m perature These tests simulated GECM alloy
b u n ts that occur mn aerospace applicatio ns Previou s work has

- Shown that GECM acts as an extremel y noble metal when couup lird
with a limited nu mber of alloy types such as aluminum and

- “~~~ 1i!~’ t Itanium This study extends this research by considering more
alloy types namely s t i l e )- , stainless steels nickel base. coppCr
as well as aluminum and t i tani u m Four types of GECM wer e
used along with pure grap hite Twenty-three alloys were test ed
for compatubiluty with GECM Elact roc l’remuca l tes t  methods
included potential measurements and galvanic current

I -~ 
measurements Galvanic current was measured by the use of a- 

~m potenfiosfat modified to operate as a zero resistance ammeter
~ fi’~ Weight-loss tests were also conducted

. 1 1
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I EXF OLIATION

N75-19434# Naval Ship Research and Development Center
Annapolis , Md
CORROSI ON OF ALUMINUM ALLOYS IN EXFOLIATION-
RESISTANT TEMPER S EXPOSED TO MARINE ENVIRON-
MENTS FOR TWO YEARS R..e.rch and Dev .Iopm.n t
Report
Ernest J Ceyryca and Harvey P Hack Nov. 1974 23 p refs
1SF5454 11
IAD -A002234 , NSRDC-4432) Avail NTIS CSCL 11/ 6

The corrosion behavnor of 5086, 5083, and 5456 aluminum
alloys in H 116 and H i t  7 tempers was evaluated after 2 years
of exposure to three marine snvironments , namely, fully submerged

I in sea water , splash and spray zone, and marine atmosphere
The alloys displayed good corrosion resistance With no exfoliation, or pitting observed Panels of the same alloys in a sensitized

- condition exposed to the same environments showed some pitting
and edge attack but did not indicate a long-term corrosion

I.’ problem G RA

N76 - 18275~ ~ u Force Materials Lab Vu girt Patterson A FB ,
Ohio

I EFFECTS OF PURITY AND PROCESSING ON THE EXFOLIA-
TION CORROSION BEHAVIOR OF 7X75 ALUMINUM PLATE
Final Report , Mar. 1974 - Jan, 1975
Peter J B)au Jul 1975 22 p uefs

J A t  Pro1 735 11
mAD A 015728 AFML  TA 75 43 ) Av aul NTIS CSCL 13 18

The ef l r-  t of varymn g iron ansi silicon content on the exfoliation
p - corrosion behavior of t~~uu 7v 7 5  type wrouu g ht aluminum alloys

was mrrvest uuj ate ul using the A STM EXCO test One series of
alloy plates iS 8 m ru i.h thick) was basicall y the composition of
7415 w ith total Iron and s ilmn ’,on sany m ny in live steps between
0 03 and 0 3 1 weig ht percent cir e other si- rues contained Zn in
plac e of Cr in the tr uss composition and had a comparable
var iat ion in Iron isO silicon content Each of tIre two sermes wasI processed both in the standard T651 temper and by a thermomec
hanucal p rocess  1TM P1 T w e n t y  d i f f e r en t  combinat ions of
composition and processing were studied this way Test results
showed that in geneual the var ratron in iron and silicon c intent
had no signific ant effect on enito l iatmon resustance In enther temper

- or alloy ser ies Corrosive attack on the IMP coupons was more
uniform than on the 1551 coupons Long subsurface cracks were
observed in the T 651 coupon s Machined sides of the IMP
coupons showed almost no att ack . whnle those of the T6 51
coupons p m t t e d  The depth of a t tack was about 1 5 times

- greater on the rolled , mm r f a u Cs of T6 5 1 co,uporrs compared to
IMP coupons End grain attack depth of 1551 coupon sides
was three times that of IMP coupon sides Author C PA ’
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1 0 Pitting experiments were conducted with strips of titanium foil
in b akers contain ng thloride, bromide , or iodide solutions, The
potentials were determined in reference to the saturated cilornel

— ~ LOCALIZED CORROSION electrode. Corr~~ion occurred at the edge of a foil specimen when it
w~ maintained at a potential between the steady-state pitting
potent ial of about 0.9 V and a potential of about 1.4 V in neutral
bromide solution. A model it ditcussed to account for the complex

N74- 132U# National Bureau of Standards, Washington. D.C. ~~~~~~~~~ observed in the exPeriments , Conclusions based on
Inst. for Mater ials Research experiments conducted with one-dimensional puts at the ends of
THE ROLE OF PASSIVE FILM GROWTH KUdETICS AND insulated titanium pencils in the anode-facing-up position are also
PR OPERTIES IN STRESS CORROSION A N D  CR EV I C E  ~ esanted G.R
CORROSION SUSCEPTIBIUTY Tsch nical Summary Report
J_ Knigsr and J. R. Ambrose Jul. 1973 78 p r.ls
(Contract NAonr’18-69; HR Proj . 036-062) A 74-32672 # Airfram maintinanc. and corrosion protac-
(AD -7 07326; NBS IR-73-244 , TSR- 4) Avail : NTIS C$CL t lOti H, Tyrer IBritish Aircraft Corp., Ltd., Wey bridge , Surrey ,
11/6 England), Tech Air, vol. 30, June 1974, p. 5, 6.

Th. sarfy stages of crevice corroaionof AISI 304 atainl.ss ateel Transgranular and intergranular corrosion in aircraft structures
m ION NaCI aohutson have been detected using the sllsparomuter give rise to visible deposits that can be detected by a trained observer
to measu re changes in optical properties occurring within th. prior to cleaning. Scraping, drying, and treatment with a good
crevic e between a polished metal surface and a glass plat.. de-watering fluid will provide temporary protection until the regular

:1
Changes in the e#fipaomerer parem.ters begin almost im- maintenance period, when the area can be thoroughly renovated and
mediately upon creation of the crevice and can be inteipreted racoated, Specific protective procedures and agents are described,as resulting from a build-up of soluble species within the crevice and the general symptoms and causes of corrosion are discussed.solution, followed by an overall thinning of the protectiv, film J , K .K.and general coposion attack Such optical changes could not
be reproduced by deoxygenation of the bulk solution without
the presence of a crevice nor were they observed during A74-35v9 Recent Air Force elactronic systems corrosion
eapetim.nts using a Ti.8A1-lMo-1V alloy, which is not s~scep- problems. F, H. Meyer, Jr . (USAF. Materials Laboratory. Wright-
tible to crevice corrosion in the 1 ON NaCI at room tempers- Patterson AFB , Ohio). National A~,ociation of Corrosion Engineers,
ture - Author IGRA) International Corrosion Forum Devoted Exclusively to the Protac-

boo and Performance of Materials, Chicago, Ill. , Mar, 4-8, 1974 ,
Paper 24.6 p. $1.50,

N75- 31262# Illinois Univ Urbane Dept. of Metallurgy and Review of some of the corrosion problems encountered in Air
Mining Engineering. 

- 

Force electronic systems, and discussion of the corrosion prevention
FILM BA EAICOOWN AND PITTING Final Report. I SEP- requirements these problems suggest. The mosi common cause of
1971 - 31 Dec. 1974 corrosion in electronic equipment is shown to be water condensation
M Matz ger 21 Apr 1975 7 p ‘nefs on components not specifically selected or protected, Dissimilar
Grant DA-ARO ID)-31-124-7 2-G28. DA metals in contact and inadequate removal of solder flux are among

PrOl 200-61 i02-B-32Dl the other corrosion causes discussed. M.V .E.(AD-A009788. A RO-5063 10-MCI Av ail NTIS CSCI. 11/6
Aluminum was studied in sulfu ric acid, with chloride to 0.1 M.

by electron microscopy , polarization a’ - ‘J gravimetric methods
Film breakdown and transient pitting .curred in the absence of A74-44069 # Corrosion on aircraft - Evaluation . exsmina-
chloride Chloride was not found to altar the film; its role was tion, and elimination. II (Korrosion an Luftf s hrzeuge n - Ihre
to stabilize pit embryo growl’s Stable pit nucleation was conceived Beurtsilung, Prüfung und Behebung. II). I-I Ebert (Staat liche
ce requiring a pit embryo persiatent enough to produce sulficient Luftfehrtinspektion, Berlin, East Germany) , P. f-f ermann, and A.
chloride enrichment within the pit The observed absenc, of a Rbmer (VEB Kombinat Speziattechnik , Dresden, East Germany).
sharp potential threshold for put nucleation at low chloride levels Technisch-dkonomische lnformat,onern derzivilen Luftfahrt , vol. 10 ,
was cunsistent with these ‘. ‘uews GRA no, 4, 1974 , p. 206-214 , 8 ref s. In German,

The occurrence of corrosion on the various sections and

N76-13279# Flow Research Inc - Kent . Wash components of an aircraft is considered, Visual inspection regarding

FUNDAMENTAL INVESTIGATION OF PITTING CORROSION corrosion attack is supplemented by measurements of corrosion

IN STRu CTURAL METALS Final Report depth. Approaches for periodic corr osion control measures are
Theodore A Back Jul 1975 17 p refa discussed together with the determination of the causes of corrosion
IContract N00014-74-C-0227l and decisions regarding the remaining operational life of components —

)AD-A012970) Avail NTIS CSCL 07/4 before corrective action must be taken Procedures are described for
Studies were made with an artificial pit in she side of a the elimination of corrosion damage in the case of aluminum .

flow channel to obtain quantitative data on hydrodynamic effects magnesium , and iron materials. G. R
on pitting rate Experiments were conducted under potentiostatic

- - - 
I conditions with titanium , aluminum and iron in chloride, bromide

and iodide solutions Two modes of pitting were observed, a N75-78539 Air Force Systems Command , Wright-Patterson A FB
high current density limited only by ohmic esistance in solution Ohio Foreign Technology Div
and a lower current density limited by mass transport of some INVESTIGATION AND EXPERIMENTATION IN THE USE
species The masstransport limited mode was observed in addition OF T I T A N I U M  A S  A S T R U C T U R A L  MATERIAL FOR
to the ohmic mode for titanium in bromide and iodide and for HYDROMETALLURGICAL APPARATUS
iron in chloride solution GRA V B Zhr lkin Oct 1973 8 p Transl into ENGLISH from

~~ Mono Novyu Konstruktsionny Material . Ti tan IUSSR ) .  1972
p 200-202

*73-34671 Filiform corrosion associated with commonly (FTD Proj 60107 , FTD Prol T74 - 0 1- 1OI
applied aircraft metal pretreatments and finishes. M Gann (Cesso, IA D-77O864 FTD - HT-23 - 160-74 )
Aircraft Co . Wichita , Kan I Society of Automotive En~ neers . Under conditions of a nickel electrol ysis plant all trtanuum

samples nested were found to be in the slable passive stateBusiness Aircraft Meeting, Wichita , Kan., Apr. 3-6. 1 973, Paper and are completel y sta ble , and showed no disposition to
730311, l O p ,  Members . $1 25; nonmem be rs , $2.00. i ntarcrystalline corrosion The strength of weld seems is equuvalent

~~ to the strength of the base metal Technological workrng lcastmng.
hot detorm ation , mechanical treatment) does not reduce the

P.. A73-43521 • Pitting of titanium. I - Titanium-foil ~~~~~ 
corrosion resistance of titanium alloys under test conditions

mints. II - One-dimensional pIt experiments. T, P. Beck (Flow
~ ‘~ u Research Inc. , Kent , Wash.). El~c(rochemical Society, Journal , vol . N75-79270 Army Mobility Eqsipment Research and Development

~
1 120 , Oct. t973, p. 1310.1324 , 31 refs , Contracts No, NASw -2245; Center , Pod Betvoi r Va

Pdo, NAS7-4$9; No. F44620-72-C-0070, HEAT EXCHANGER CORROSION TESTS. PHASE 2
1,

II
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I Oscar Oldberg Jul 19’ r3 tO  ii cO ( uct v .iid lui)95 oil saruou r. a llc iy~ UI alur nunu, , Stee l arid
I A I) 1 7 1 9 t 8l coppr i Initial ~~ i i r k .- u~ plat ing osei ~tu~u~ I I I ii- e rr i;ihasus ~if ni r.

The results of th~ Ic—I piori idiui indicate t hat a l l-al ur r i inum i i i te i r ra l  study was thr. plating of al u m inum alloys Alloys ii
-s_ ‘ c on densers may be su io.tututed for the copper tube alunruriuuri uluirninum are difficult to plate t im ause of tI r- - ui,- prr~e iit film

~ fin constructio n current ly  useui in unuilula ry ECU’ s lt i iuiionmenrta l of insulating i ride Special techniques are requiic ’d to i - 1 i -  t i plate

~ Control h in ts ) in the interest of cost sav in gs Howeve i ca ir. any - i i eta l  over aluminum A lu i r i i r iu i r i  a l loy,  1 100. e.oi t 40E

~ should t ie exercised at the tube j O iu ut wit h ,iii~ dii ,sir ruular iruet uls 356 ,iird 380 were succe’,~,fuIl y plated a iuil met the specific

~ 
which should be piOtSCti.-iI with a moisture proof extern al sea) r e q U i r e m e i i ’i for color gloss ati rasroi r rnr.ust.uiice corros ion

T resi- ~tai ic e adhesion flr ’ iuibi lit ’i und co ntact  res is ta r i ,  u- A lliu~ 2024
I was rated fair wi th ir.gard to adlri’~.uon of tiur. i lat u i iq A lloy

~ 
N75-78370 Air Force Sy’.t i’iri~ Comm and Wrig ht-Patterson A F B 5052 preser ’itr ~d a problr-m w ith regard Ii Obtaining adequate

Ohio Foreign Technology Div nickel adhesion to the allow Author

THE MECHANISM OF T I T A N I U M  P A S S I V A T I O N  IN
SULFURIC AND HYDROCHLORIC ACID SOLUTIONS

- A P Biyinza and V P Fi’dj sl i Nov 1973 12 p Transl into
E NIG LISH fr o ni Mono Nosyu Kor istrukt s uonny Material l t d  7 6 1~~~3 Aero let Liquid Roi k it  Co Sacran~i’iuto Ca lif
USSRI t 9 7 2  p 179 - 183 STORAB ILITY INVESTIGATIONS OF WATER LONG-TERM

~ IFTD Proj 60107 , FTD Pro1 174 - 01 - 10) STORAGE EVALUATION Annual Report
IAD - 769563 FrD - HT 23 t54  74) E M VanderWa li arid 0 A Janser Dec 1974 i~5 p

Contract F0461 1 - 72 - C 0062 At  Prol 3O59~One of the Illridamental problems in vo lved in the study & A0O4462 AF RPL TN 74 76 AR- 11
the passuvatuon of metals is an esp lzi ict ior i  of the nature and The object ive of this program us to gather data h a t  wi ll
mean s of the pheriorrrenon s initiation In an at te m pt  to explain

stu dies its electr o chemIca l behavIor in 5 and 10 N solutions f 
of water , part icularly with regard to formation oI par t icu lJ ’ s niatteithe nrechanusm of t i t anium IVT 1 1 bra r ’idl passiva’ion the article 
permit the Air Force to usse ~.. the long term storage chary . teristi cs

so that the feasibi l i ty of long-term storage of vsa ter for ui-u as
sul furic and hydrochloric acid using the fo l low ing methods
relaxation ~ii polarization stat ionary and i i i l r i ’t at uonary C i r v r .~ 

a Iranspiraluon coolant can be determined Five m etallic niate rialri
of con struction are inc luded in the progiam 304 stainless steel .potential drop curve’, and tlir’ a lternating i utti iii method This

a tiu .Ie also i r’a-~i res the amount of r l i ’C !t i  i t y  i.-xpei ii l r’ i I  in a A 286 (aged l steel . 17 - 4 (aged) stainless Steel . loc onel 718

• i g iven period of t in e- on anode passuvas uon of iitan luuni and on i~’° 
and 6A) 4V titanium 1ST!’ , ’ Two t~ pes of wale , are Il—i ’d

the red uct io i of ixilli’ films which form at various pass lvati or i  
in the program o x y g e n - s a t u r a t e d  deionized. f i l t e red  iv’ .1 ‘ /

potentIals 
oxygen - free deionized , f i l tere d Evaluation of water and containers

I stored for six months and twelve-months has been comp leted
The data show that both oxygen-saturated and oxygen - free watei
can be store d in appropriate metal contaIners for the selected

N75-7~~23 Beirdir Field En gineering Corp  Columbia. Md time periods without detrimental particulate rri attei formation or
AVIONICS CORROSION CONTROL STUDY Final Report , significant changes in the quality of the water It us in excellent
Oct. 1973 - Jan , 1974 condition for transpiration coolant purposes
Jan t974  55 p
Contract N62269 - ,‘4 -C- 01 68 1

lAD-AOl  1 17 7 1
The objectives of this report are to offer the Navy a limited 76-10004 Illinois Unix Urbana Dept of Metallurgy aiid

P ~ study of some of the problems and possible solu tions ussociated Mining Engineering

with avionics corrosi on control that could be the basis of a BREAKDOWN OF FILMS AND INITIATION OF PITS ON
manual devoted to that sublect The research methods employed ALUMINUM DURING ANODIZING

~ sought information from two sources i l  published material from J Zahavi and M Metuger 1974 10 p Pub in Localized

secondary sources to take advantage of what us already known Corrosion . NACE-3 . 1974 p 547 -555

and documente d in the , ,terature. and (2) primary sources derived lGrant DAHCO4-74 - G-OO 16 I

from activities and experiences within the Bendix Field Engineering IAD-A0O5258. A RO-5 063 4 - MCI

Corporation The conclusion to be drawn us that the essential rhe present work sought to gain insight into the nature c l

dIfference between corrosion problems in large structures and the initial film failure leadi ng to putting of aluminum through

corr osion attacking avionic equipment is that minute corrosion electron microscope studies of the microtopography of t ( i u  film

pr oducts that could degrade or disable complicated avionic and substrate Autho r

equipment would go unnoluced on large mechanical structures
The results of the investigation correlate positively with previous
Bendix work in corrosion phenomena and control 76-10005 Hughes Helicopters. Culver City Calif

RELATIONSHIP BETWEEN INTERGRANULA R CORROSION
SUSCEPTIBILITY AND STRESS CORROSION RESISTANCE

16-10001 * Flow Research . I n c  - Kent Wash OF ALUMIN UM ALLOY FORGING S Final Repor t , Ju l .
~ PITTING OF TITANIUM. 1: TITANIUM-FOIL 1974 - Sep. 1975

E X P E R I M E N T S  J C French . W W Jarrett . E V Tsao. anil J M Thorp Se1~T Ft Beck May 1973 8 p Pub in J~ Electrochem Soc 1975 100 p
v 120 , no 1 0. Oct 1973 p 1310- 1316 Revised Prepared (Contract DAAJOI 74 -C- O59O )
in cooperation with Boeing Scientific Research Labs ‘40 A 0t 7 7 5t . USAAVSCOM TB 75-4 51
( Contracts NAS7 - 489 . F4462O-72-C0070I  The objectives of the program were I i )  to est .inlie ii an —

~~ 
lAD 772374 , AFOS R 73-21B7T R) empirical correlation between severity of intergranu lar corrosion

Experiments were conducted in which putting occurred at and time to failure caused by stress corrosion , and 12) to establish
the edges ari d on the circumference of holes in titanium foil in a max imum level of s eve r i t y  for intergia nular corrosion in
chlor ide, bromide, and iodide solutions under potentiostatic aluminum forgings that may be used as an acceptance criterion

-‘ - ‘~~~ conditions Vale nce of dissolution was approximately 4 . the effecl
of potential, temperature coircennration , p 1-I . and solution flow

~~~ on cuurren l density and pitting potential was determined Very
comp lex behavior not f i tt ing a single kinetic mass transport . or 76-10006 Naval Sutface Weapons Center While Oak M r
ohmic limitation was observed A model combining a salt film CORROSION AND FOULING STUDY Final Report
on the metal surface wi lh events in the electro l yte diffusion John H S McMann Jul 1975 43 p

t lay i’ r  qualitativel y f i t - S the data Author IAD AO2007 1 NSWCiWOL/T R 75 - 113 1
This report investigates the ant i ,;orrOSion and ant ifou l ing

ii i proper t ies  o f 24 commercially available coat ni iu- app l ed to
6061 16 aluminurrr and submerged iii r.i-ais.utu” for a period of

~, 
,~ 76 10002 Army Electronics Command. Fort Monmouth NJ U~~ to IS months Described in the report ,uie the test panels

~ CONDUCTIVE , LUSTRELESS. ABRASION RESISTANT, and ii,’ coatings the ne’ - ’ condition s and li (lciwinq t r r  r r .s . i ins

ELECTRODEPOS ITED COATINGS qu antity and type of fouling, pitting, eros ion and galasa i r ic
Aubiev J Raf ta lovich Sep 1974 22 p corrosion and coating adirerr. ii e ‘.nioot hni-- . - and hardness

b DA Pro 1 1S7-62705-AH 341

*~~~~, ‘AD 786498 I 1 .~~M 4 2 5 7 )
f l u  report describes a process for electr rrdeposit ing lustreless

Ii
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~ of th aluminum coupou s with 05% CI-IEMRITE followed by
su rface chelation by alizar in and its analogs and pht halocyan iner h.s shown not only considerably improved paint-adherenca but

r~ 
. COATINGS . SURFACE FINISH alw a satisfactory corrosion protection in com parison with the

~ 

- - 

AND PLATING 
conventional CHEMRITE-treatment GRA

I N74’32005W Battet le Columbus Labs , Ohio Metals and: Ceramics Information Center

~ 
N73-22514# Pennsylvania State Univ . University Park Materials PROCEEDINGS OF THE 1973 SYMPOSIUM ON ELECTRO-

~ 
Research Lab DEPOSITED METALS FOR SELECTED APPLICATIONS
PREPARATION OF METAL-OXIDE-HYDROXIDE PROTEC- Willi am H Safran ak and Ralph G Dermott May 1974 129 p
TIVE LAYERS UNDER CONTROLLED p02-pH2O-T CONDI- rats Symp held on 4 -1 5 Nov 1973
TIONS Final Report , I Mar. 1967 - 31 Mar. 1972 (Contract DSA900 - 74-C -0616)
Frank Dachille , E. W. White, and Rustum Roy 25 Jan. 197 3 (AD -779 ’52 M IC I-74 - t l )  Avail NTIS HC $12 25.
16 p rels A IF $12.25 CSCL 11/ 3
(Contract N000I4-67-A-O385-0002; NA Proj 032.5021 A total of 12 papers were presented at the symposium
(AD-755729 1 Avail. NTIS CSCL 1 1/6 Important sublects discussed included, reliability of electrodeposuts

The report briefly summarizes research on work concerned on aluminum electrical connectors , aluminum- manganese alloy
with the preparation of oxidation films on metals under various deposits. nickel foul D ’d uced  from sulfamate solutions at high
p02 . p1120. and temperature conditions and the characterization deposition rates , fatigue life of nickel-plated hardened steel
of these films. The thrust of the research was to seek out conditions nickel-cobalt alloys for electro~oining. electroless nickel deposits.

- 
which would lead to the formation of corrosion resistant oxide oxide coatings , high-rate lover one mil pci minute) deposit s In
or hydroxide films The metals considered for study were narrowed addition nondestruct ive testing wax discussed and properties of
down to aluminum and iron along with titanium, nickel and vacuum-deposited and electrodeposuned coatings were compaiect
chromium. The principal method for characterization of the lMrrdified author abstract) I3RA
corrosion films are soft X-ray spectroscopy. and X-ray diffrac-
tion GRA

• NTh 3O319~ Army Foieign Science and Tech n ology Cen ne
Charlottesville. Va

N73-3l544~$I Air Force Systems Command. Wright-Patterson THE EFFECT OF NAI RIT COATINGS ON CYCLIC STRENGTH
A F B  Ohio Foreign Tec’hnology Div. OF S A M P L E S  A N D  P A R T S  S U B J E C T  TO FRETTING
ELECTROLYTIC AND CERTAIN OTHER METHODS FOR CORROSION
APPLYING TITANIUM COATING V S Ivanova and M G Ve itsman 11 Jul 1974 lii p refs
0. A. Kolobov 29 Jun. 1973 18 p rats Transl, into ENGLISH Trans l into ENGLISH from Usta lost Meta l  i Splavov M USSR)
from Sb Tr . Met. Khim Titana (USSR), v. 5. 1970 p 66-75 1941 p 103 108

J (AD -7643t8 . FTD-I’4 T-23-450-73) Avail: NTIS CSCL 11/3 )AD - AOO6O98 FSTC HT - 23 - 0545 - 74 1  Ava i l  NT IS CSCL
The Russian report presents a brief discussion of methods 11/ 3

for applying protective titanium coatings GRA Coating the mating surfaces 01 metal parts with Nair it us a
new and promising method of prevent ung f re t t ing coirosion Nairi n
us a variety of synthetic rubber which can be applied by si mple
industrial processes Comparative tests made on Naurit coatings

N74-10493i1 Defense Documentation Center . Alexandria . Va showed them to be superior to any othe r protective method
t ELECTROPLATING Bibliography Report, Dec. 1955 - May used up until now The art ic le includes results and methods of
1 1972 test ing f~ r steel and aluminium parts 8y preventing frett ing

Mar 1973 152 tu refs corrosion cause d by fr ict ioir . .:yc i.~. stre iigti i of components is
)AD-756800 , O DC-TAS -73-t6 ) Avail: NTI S CSCL 11/ 3 gmatly increased GRA

The bibliography contains unclassified and unlimited refer-
ences to reports on the process of coating metals and composites
by the Electroplating technique Author (GRA) N76-12176# Naval Air Development Center , Warm inster . Pa

Air Vehicle Technology Dept
CHROMATE CONVERSION COATING OF ALUMINUM
ALLOYS

N74-16162e Defe nse Documentation Center . A lexandria Va s J Ketcham and S R Brown 10 Jul 1975 19 p rats
TECHNIQUES IN PLATING Report Bibliography. Mar . )AD-A0 12802 . NADC-75 125-30l Avail NTIS CSCL 13/8
1957 - Jun . 1973 This report describes the ,ianrak- ’es inherent in the processing
Nov 1973 482 p refs 

- of aluminum alloys with chromate conversion coatings These
IAD-769400 DDC-TAS-73-64 1 Avail NTIS CSCL 13/8 include cleaning, deoxid,zung. chromating rinsing as well as

The bibliography is a collection of references relating to metal source and heat treatment effects An optimum process
techniques in plating and coating The references deal primarily for chromating aluminum alloys for military usage is outlined
with types of plating. materials used for plating. and plated surface Author IGRAI
Also , the mechanical properties of deposited protective coatings

-~~~ are discussed Corporate Author-Monitoring Agency, Sublect .
Title and Personal Author Indexes are included GRA N7S-12177# Naval Air Development Center Warm inster Pa

Air Vehicle Technology Dept
AERONAUTICAL ANA LYTICAL R E W O R K  P R O G R A M :

N74-17251# ItT Researc h Inst - Chicago. f II THIXOTROPIC CHEMICAL CONVERSION COATING FOR
DEVELOPMENT OF C O R R O S I O N  I N H I B I T O R S  AND THE CORROSION PROTECTION OF AIRCRAFT ALUMINUM

- 
l. ADHESION PROMOTERS Final Report , 4 Apr. 1972 - 6 Jul. SURFACES Final Report

‘1 1973 P~ N. Bellevin 6 Jun 1975 25 ps. K S Ra1an and P K Ase 25 Jul. 1973 52 p rats (A0 -AO 12345 , NADC-75O24-30 1 Avail NTIS CSCL 11/3
‘1 (Contract N00019-72-C-0446) This report covers processes for application and the us. of

lAO 770627 . IITR I-C6252-7 1 Avail NTIS CSCL 11/6 a sprayable/brusltable thixotropic. chemical conversion coating
-

- The treatment of aluminum atloys by Ill polvaminocarboxylic for the corrosion protection of aircraf t  skin surfaces and
• acids. (2 1 hydroxycarboxylic acids. (3 1 aushraquinones. 141 diazo components Results of field evaluations, specification perform-
‘
~~~ compounds and. 15) phthalocyanina have all been found to result inca and formulations are given Current application prob lems

in the deposition of a multimolecular layer of the individual figands encountered during rework operation in the control of rapid run-off
-~ arv 

on tha oxidic surface of the metal Considerably improved paint from vertical and curved aircraft surfaces are discussed GRA
adherence numbers were shown by the chelate-treated coupons
over those of the conventional CHEMRITE-treated ones However .
in the salt splash tests , the unpainted coupons which had been
chelafe-treated showed decidedly more rapid corrosion attack A73-23522 iv Resistant linishes, J. B. G~ Lewin Aircra ft
thin the CHEMRITE-traated ones This could be due to the Engineering. vol. 45 . Feb. 1973. p 11 . 12

x l ease of washability of the surface-bound ligand A pretreatment Ai rcraf t  surfaci- primers and finisher desngneu to withstand

•
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F 1 i, i , ’ip , - r 1 cci i ,J it i i  - ‘, i . ’ li ii lur ul ru t n ’u h i s  ol c o n  A75 32680 Ion va i n ulivpcusried ‘i i i  .in i ui’,l)n, Iv,’ n strUC-
• l u s t  Oil r r r i t i u ’ J t i r i i .i lt .iinul _u lu l l iii ,utiOi , ii i  t i i i s  y I v r . i ’v i iq  I i n  lvi i i ru in- durabilIty E, I -  F a n .  n m i t  Steube i t t , U ‘ I i ’ ii ii A a f t

.iilli..s ,vv i  m’u , i t - ’i i-5 i5 t ,uii~~’ hji il, a s s  na il i l u - n i  ii st .i l i i - r Tfii Cu , L o i N  M.. ALa 4 A~’ME and ‘ h f  Stay1 tIucCi Struc tural ‘1

p iu iwin ir ’s of ,u ir uiuui ’  _ r i iu l  u l y . i r n i , i t i  . . i i u ’~i cliii ~a P~~~’ s  a re L) i, ’ia - ’iui. s and M m c i  .i ‘ii. . . r  l6tfr I — i-i ~o/o - May
Svuinsir ra i i/ ~~(j i, i a  vS r h ’ i I I i ,  I r v i n  l i _ _ i i ’ ,’ .i .i. , lii i-I”’ ’ v ari d 2- ’ 29 79/5 AIAA Pa1,ie’ /5 80? L v 5.,.i.

L ‘ 0015 ’ , ‘ ‘ t u ’ .Ci i ’ I li hi-s M l w ,  i u n i v u,. c i t  i he p ‘i - i , . sna i l  lure hair’ had di

I iili5iai’ r Oil Ii,’ io n - i - , ii’ ~i i , , r ,, ,~ t , . 5 ’  si- i n i ii. i  ni , . i l l] vu’

~ i . r r l l i i i , v  i i i. in — s u i t  II,] I ‘ ,iii liii ’ it.. n i i i  r ,— - u .  I I t m - i , , ’ ’  Con

A73- 29316 Compatible coetin~~ for corrosion resistant v greatl y i i  1 n- i l  it  anu S. ii c o u t u u j s  .5’.- ~tirulueui ii, the dlcvr ’ni,n iui ri

esroapaos f tsn.m E. Taylor IStansda,d Pressed Steel Co. , s i i U Ct U i e  The si- i I - i  u li~ --j , nvii ivm” . n h ,  u i , ,  it utilization of
I Jr.Iik “ ‘ wni Pa I National Awoc r,v ruo,n of Corrosion Engineers, t itu i ii i uiti - t i  me iSui , I’ plan,-- , a it’s ’~~, iir,ii run the asu- 1 r’ .aejmiunr

Intep-rsaz,onal Corrosion Forum Devoted Eaclusj ’vel y to the e°rotec plating IS- i ucas n-  of potential suil i’S me ’ ml embnittfement Data is

- non arid Piay ’fornyiance of Materials , Ana heirru . Calif ., Mar, l9- 23, liuu.ii.iii..iI Ii) flo w th ai - u n  v j i i i i ’  d.-tuiis- n- ’d -, nr i , ulri ( i I . sn ’ ua ~’, can

79/3 Paj,er 77 6 8 p 11 rid s $1.50. i v sa l i s t , t u t ~ iJ i i , - lui r t i  ‘ nh .’ Iii - i i i .n r iii. 1’~ t ii ,i~~t rhu-si-

There us so ii, ’ heai ta t urn in specif ying a coating for  a material uiiiii’s i al iii’ li-i - i -  Ai i l  a ui pent i, ’ u ’ r - i , - u , , u ’ u t i ,i nson~ u I  lie
- win ch us r es is t . i ’sn to corros io n, even though the degree of resistance alum in um coaturrq will iN-i ‘ hind )Au .unhOil

varies vs Iy i s  with .r ’ l, iys labelled ‘corrosion resistant. ’ Coatings for
listeners have generally been sacrificial in nature so that the base
metal is ‘ ‘ I I ’ S  I ‘ l  r out ~ u udiog or breakuing Magnesium, the metal
most .~~ ‘-i 1 to protect aluminum structure , is uneconomica l to

I vi s itu ’ ’- it. a I u.t ,0 i - i coati ng, us very reactive , and is rapi dly
• y- i~’ is.u rrie i ’  ru c io nn ,Iv vu’ environments. Laboratory evidence over

,sf ..’ ’ , i  ruut i v  ‘ ‘ - vs  lv t in t desirabi l i ty of corrosion-resistant hugh
stie iiqt h l is t  c i i  r u t  , i l lc ’vs as a replacement for the corrosion prone
‘ui-n ’ . ’] iii , i’. steels. F.R.L.

.5 . .. 1 iht SIf A corrosion inhibiting coating b r  stiuctutal
‘r ain,- u i s t r u s e r ’  F L Gill (Hi Sheer Corp.. Readi ng, Pa.l Society

— ‘ . i t I v i iiniguu -is Na tional Aerospace Engineering and
‘ f , - n~ ii. - - -ci Muni’riirq Los Angeles, Calif Oct. 16-18 . 7973. Paper

-i 
- ,u~ vuI2 

~ 
p. 5 ne f s , \ l,-ir slni r’ , St 25. noisnnensbers , S2.0O.

~,
‘ j ..oii ,~’,iO rn pro bl’-mx associated with using titanium fasteners to

/ ,iy s ’ rum L i e  aluminum airframe structures are reviewed . Data are

~~~ct “ ned descr ibing the eh ’ - ’ cn i Su ’nn’ss of metallic platings and an
aluminum fi l led organic based coan uun g on fasteners to render the

.t p 
~ 

t’ r,ac’ i.uii ,vlurnununn electrochemical couple inoperative. The alumi
num i i i  i li d orgai ’u’ coating known as Hi-Kote 1 is shown to be
m ore ef fect ive in min - m. ain ng corrosive attack c’a aluminum airframe

on .  ‘ m u ’ irs bot h saline arid acidic environments, The effect iveness of
1 H usots 1 in corrosio n -fatigue tests of fastened aluminum structure is

.11 5 ,  reporte d. IAuthor)

A 74 16592 Fret t ing resistant coatings for titannium alloys.
t) J. Piu l t im- i g  I t .’ i)) ‘ u - - i  A (.i i~ t Co. . St Louis , M i  In Titanium
s~ ,ei ’ci: arid technology. Proceedings of the Second International
(.,,n’f,’’ nu iice , Caml,ridnte , l.Ni’s - 1l i’ 2-5 , 1972 Volume 4.

New York , Plenum Press , 1973 , p. 2475 2486
fli’iii’ .ic t  Ni’ F33615 70-C-1538.

Investigation of the safe ci sc of frett ing-resistant coatings for the
I f r e t t i ng indsuced fatigue failures in aircraft components

- made of t :t ans ium al loys The specific study goals explored and
I ‘ O r s presented perta in to: i l l  the determination of f ret t ing

~~ ,J ‘ 1  t an prerequisite no fatigue l i fe shc rten ing ru a titaniu m
a irframe jo int . 12) evaluation and selection of 1note ntia ) frettin g-
resistant c u- i t i nq s  than would non impair the properties of the basis
mi-t i - and 13) test of promising frett ing-resi stant coatings on

* - evper ime n tal  nest elements using the cr i t ical  fretting conditions
- ‘“Wr~~~~ . n — t n  inn,, ill a iili’i 1) . M V. E -

L
: A74-44530 y Minimizing hydrogen pick.up during alec’

• • troplating of high-strength steals, A , G. Sussex )Austrafian Defence
- 
- 

.1 Scientific Service , Defence Standards Laboratories . Melbourne .

• ‘
~ 

Austral ia), In: Effects of chemical environment on fracture
a - processes , Proceedings of the Third Tewktbury Symposium ,

Melbourne , Australia , June 4-6 , 1974 .r Melbourne , (Jniversity of Melbour-, e, 1974 , p. 98-108. 23 refs.
The recent history of the problem hydrogen pickup during

electroplating, as tolved to date by the aircraft industry, is briefl y
~ . outlined as a guide to potential users of h igh’ and uttrahigh-strength

stee ls The cracking of high-strength steel promoted by hydrogen
- embrittlement it a special case in fracture mechanics and some

~~ metallurgical (solid state) and electrochemical Isolid-l iquid interface l

• aspecfi of min imiz ing  embritt)emern t are discussed . The basis of some
preferred techniques is bn ably reviewed, lAuthor )
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POW E R GE NE RATION . FUE IS

A N D  C O M B U S T I O N

N76-18228# AuReseatch Mfg Co Torrance Calif
CATALYTIC REACTOR FOR INERTING OF AIRCRAFT FUEL
TANKS Final Report . Jun. 1971 - Jun. 1974
George H McDonald and J Rousseau Jun 1974 117 p rebs
IContract F33615-71 C-1901 , AF P rol 30481
(AD-A000939, Rept-74 - 10294 . AFAPL TR - 74-49 1 Avail NTIS
CSCL 01/3

The program . Catalytic Reactor for Inerting of Aircraft Fuel
Tanks, was concerned with the development of a prototype
ca tal ytic reactor for the generation of inert gases through let
fuel combustion in engine bleed air , Successful operation of a
flight configured unit was achieved at very high effectiveness
Inert gas oxygen concentrations below 1 percent were achieved
repeatedly Design data were generated related to reactor
performance under various operating conditions and also related
to ther mal and mechanical design of the unit Corrosion testing
of aircraft fuel tank construction materials including meta ls .
coatings , and sealants was counducted These materials were
evaluated in terms of resistance to corrosion by S02 formed in
the fuel oxidation reactor A complete fuel tank inerting syste m a
was synthesized GRA

N75-24929# Bell Aerosystems Co., Buffalo , N V.
ANALYSIS OF THE LIQUID ROCKET TANKA GE Final
Report
John Salvaggi . ft G - Kammerer , and E. J King Apr 1975

L’ j 260 p refs
J (Contract F0461 1-74 .C-0007(

)AD.A008535 , AFRPL -TR-74-82) Avail NTIS CSCL 11/6
The oblective of this program was the assessment of storage

container compatibility with N204 . and CIF5, for periods of time
up to and including 6 years of pressurized exposure Tankage
materials were aluminum alloys 202 1, 2014 , 2024 , 2219, 608 1 ,
7039 , X7007 , and 5456 , as well as Arde 301 stainless steel ,
A~286 and Inconel 718 Two types of N204 were evaluat ed
for compatibility , namely oxygenated and unosygenated. The
evaluation of the storage containers revealed that the major source
of degradation was external The primary cause of corrosion
was the dilute acid . high humidity storage area environment
Internal corrosion observed in a very t im ite-1 number of containers
was attributable to a lack of thorough rinsing after exposure
The majority of internal surfaces showed little or no degradation
from either oxidizer. G PA

76-12001 Air Forc e Systems Com m a n d , Wr mght- Patterson AFB .
Ohio Foreign Technology Div

• FUELS AND LUBRICANTS FOR AIRCRAFT
M E Reznukov Feb 1975 339 p Transl into ENGLISH from
M ono Topiiva i Smaz Mater Dlya Letatelnykh Appa ra tov
lMoscow), 1973 p 1-231

- . IAD-A018261 , FTD-HC~23-2 134-74)
5m

~~ 
Contents general characteristics of aircraft fuels; brief dala

on the production of fuels--petroleum the basic raw material in
1 ~~~~~~~ fuel production: fuels for air breathing j et engines , aviation

gasolines--piston engines and fuel requirements , rocket
• - ~~

‘ propellants , lubricants and technical fluids , puoduction of synthetic
oils and liquids: oils for aircraft engines, transmission oils, and
greases.
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~ I 3 through Nb203-C r203, Nb205-T m02. Nb205-Zr 02.  and
S 

U Nb2O5-A 1203 were alao determined using thermogravimetr ic
~ — • techniques Of the oxide compounda evaluated , only osygen
, , M A T E R I A L S  S E L E C T I O N . TESTING, transport through Nb205-Cr2O3 was slow enough to warr ant

its classification as a protective scale. In addition to otudatsonA N D E VA LU A Tt 0 N rate date. metallogrephic studies and electron mmcnoprobs atudiss
, are reported for the Nb intermetallic compounds and elloys

7 Author

~ ;.73-266n# Air Force Systems Command, Wright-Patte rson N73’28687# Battelle Columbus Labs . Ohio

AF 9 , Ohio Foreign Technology Div ENGINEERING DATA ON NEW AEROSPACE STRUCTURAL
RESEARCH OF PROPERTIES OF ALLOY TB2 TITANIUM M A T E R I A L S  Final Summary R.port. Apr. 1972 - Apr
0 M Shapova lova. Y K Molch ahova. and L. K Mm neyeva 1973
13 Apr 1973 15 p Transl into ENGLISH fro m Sb Tr , Mat Omar L. Dccl . Paul  E Puff , and ft Mundl in Jun t 973 t4 9 p
Khim Titina (USSR). no 6. 1970 p 1 17 122 (Contract F33615-72-C-1280. AF Proj 7381)
IAD - 75982 1 . FTD-HT 23-1 71 3-72 ) Avail NTIS CSCL 1 1/6 IAD-762305 . AFML-TR-73 - t 141 Avail NTIS CSCL 1 1/6

Experiments determined that the titanium alloy TB2 c-sn be The major ab~ectives of the research program ware to evaluate
us.d not only as a high strength and heat resistant alloy, but at newly developed materials of interest to the Air Force for potential
the same time as a corrosion resistant alloy in various hostile structuril airframe usage . and to provide data sheet type
midia G R A  presentations of engineering data for these materials Th. effort

covered in the report has concentrated on X2048-T851 plata ,
7050-T7365 1 plate . 21 6-9 annealed sheet , Ti -8Mo ’BV-2Fe’3A1

N73-25837$ Air Force Systems Command . Wrig ht-Patterson STA sheet . Ti-6A 1-2Zr 2Sn-2Mo-2Cr STA plate. and Ti-6Al - tu tl-
AFB . Ohio Foreign Technology Div 2Sn STA isothermal die forgings The properties investigated
THE MANUFACTURE OF THE BASIC PARTS OF AIRCRAFT include tens io n, compression , shear . bend, impact fracture
E N G I N E S  toughness. fatigue . creep and st ress rupsure , and stress corro
M I Evstigneev and I A Morozov 31 Jan 1973 663 p sion at selected temperatures Author IGRA(
refa Transi. into ENGLISH of the mono “Izogotovlenia Osnovnykh
Detalei Aviatvtgatelei” Moscow , lzd-vo Mashinostroyeniye, 1972
p 1-478 N73-29930 Aeronautical Systems Dip - Wrighi - Patter soii AFB ,
)FTD Proj. 60108. F’T J Pro1 T72-O1-401 Ohio ,

I )AD-759577; FTD-MT-24 -146 0-72 1 Avail NTIS CSCL 21/ 5  ON FATIGUE ANALYSIS AND TESTING FOR THE DESIGN
In the book, which is an educational aid for students of OF THE AIRFRAME

aviation higher educational institutes and schools, are discussed Waltvr J Crichlow In AGAR D Fatigue Life Prediction for Aircraft
th, technological processes of manufacture of tile crit ical pans Struct and Mater May 1913 36 p rely

I..- j of engines of flight vehicles. Their structural features , technical
specifications for manufacture and materials. the structure of The experimental and analytical techniques for controlling
technological processes. the methods of carrying out basic time to fatigue crack initiation in design of aircraft stnuct uyi e are
operations. methods and means of contro l  are examined reviewed to define improvements that may be gained f r o m

if ’ Information is given on the technology of manufacture of parts available research knowledge Dmscnepancues among simple theory .
from plastics and refracto ry materials. Author IGRA) experiment , and service are being better explained be ac

count ability for residual stress systems created by hughen than
average loading peaks recurr ing n~ ndoir iy throughout the

N73.2e492~ Lockheed Missiles and Space Co. Sunnyvale. service load spectrum Analytical accounting for the generation .
Calif. decay. and recreation of residual stress spectra us an essentual
E V A L U A T 1 O~ OF N1 TiN OL F f T T 1 N O S FOR ..‘onviivo adjunct to the esperumenta l approach , ton not all parts can be

TITANIUM PIPING FOR SHIPBOARD APPLICATI ONS Final critically tested , and not alt load spectra var iat ions can be
Report. 9 Mar. 1972 - 8 Apr. 1973 accommodated in test Recent advances in resiziual stress analyses
Marsh K Eckhardt 30 Apr . 1973 60 p refs are rev iewed Fai lure theory ,  mnt enac tuon  m a t r m v  chemical
IContract N00024-72-C-5336 l (c orrosirsa) . and mechanical fretting ) environmental aspects are
IAD-760322, LMSC - D350045i Avail NTIS CSCL 13/5 explored Variability of results are discussed in terms of design

Basic tests were made of Cr’yofut heat shrinkable fittin gs life reduction factors Author
used with C P titanium and Ti’3A1-2 5V tube Tests included
ftexura l fatigue , tensile , burst . torsion and crevice corrosion Tube
sizes of 1 90 in and 4 0  in diameter were tested There were N13-31458~ Naval Intelligence Support Center . Washington .
no fitt ing failures , and f lesura l life degradation by the fitting D.C. Translation Div

‘ was under 10% with Ti 3A1-2 5V tube and less than 20% with STATE OF THE ART OF ARGON ARC W ELr~ING TECHNOL
C P  grade 3 tube The fitting designs were based on 3000 psi OGY IN JOINING ALUMINUM AND ALUMINUM ALLOYS
aircraft hydraulic syste m requirements and it us believed even TO STEEL

• - - better results might be obtained with designs modified to suit G A Belchuk , V P Ryabov and V I Yumanova 12 Jul 1973
lower pressure Navy systems The Cryofut fitt ings can be used 47 p Trans i into ENGLISH of the mono - Sovremennoe

1 With Tu ’3A 1 - 2 5V and commercially pure tubing up to 4 in Sostoyanue Tekhnologim Argono-Dugovou Scaiku Al yum m nmya i Ego
~“ui~~ ~ - diameter  e x c e p t  in systems of safety signif~canc e, m e  per Splavov so SIaly u ’ Leningrad . 1967 p 11-27 , 130.137 .

- . ,~~~~~~ MIL STD-882 Class IV or Class III With further mn-depth testing. 16 3 1 7 3
they could probably be used in any system as original installation )A D - 763948 , NISC-T rans - 3453 1 Avail NT1S CSCL 13/8
or retrofit Author IGRAI Topics included are the use of af loyed filler metal , special

- 
i feat ures of welding aluminum alloy to 1 8- 8 1 t Kh 1 8N9T I steel

corrosion nes istsi ’ce of welded aluminum alloy and steel toints.
- - , - -‘r, N73-27464# Westinghouse Electric Corp.. Pittsburgh . Pa some examples of industrial app lication of argon-arc welding

- 
. 4,,( 

- Aatronuc lear Lab technology in loinung aluminum and aluminum alloy to steel
MODIFICATION AND CONTROL OF OXIDE STRUCTURES some fields of app lication of chnomium nmcke l aust eruit ic steels
ON METALS AND ALLOYS, PHASE 3 Final R•port . 20 D.c. and properties of the most widely-used Fe Cn N, Mn and Fe-Cr-Mn

• , 1971 - 20 Jan , 1973 steels GRA
Robert C. Svedberg Feb 1973 199 p refa

I IContract N00019-72.C.O132)

-1 IAD-76 12 15 , WANL-M-FR- 73-003) Avail NTIS CSCL 11/ 6 N74 10494~ Denver Reseau cl ’ Inst - Cob
The rutile structure family for oxide compounds of the type C E N T E R  FOR H I G H  E N E R G Y  FORMING Semiannual

Nb)8l04 where B Cr . Al , on Fe have been identified as being Technical Report , 1 Jan - 30 Jun. 1973
— .~~ the primary oxide phase in the scales formed on oxidation resistant Henry E Otto Jul 1973 33 p refs

Nb untermetallic compounds and Nb’T r-Cr -A l , Nb-Fe-Al , Nb-Cr-Al- IContract DAAG46 72 - C - 0130, ARPA Omrleu 7201
Co. and Nb-Cr-Al-Ni alloys Along with this oxide , small amounts lAD 766213.  AMMAC CTR 73 23 SAIR 21 Avail NTIS CSCI.

a ‘ of either IBl2O3 where B ~
, Cr , Al , or Fe or a CoAI2O4 spinal 1 3 8

in cobalt containing alloys were detected Osygen transport rates TIme ‘u ’ nnua ’t sml mma ’uze n, wo uk at t I e  Center for i”bngh Eneigy
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Forming include A metallurgical investigation of explosion welded N74-17267# Frankbord Arsenal PPn ’ nrlelphia Pa
copper nickel composites, Determination of the optimum METALLURGICAL ADVANCES FOR ALUMINUM CAR

— a parameters for explosion welding A5 15 steel . Analysis and design TRIDGE CASE APPLICATION
i of an exp losion cladding f 5c i l uty , Free forming steel domes with Henry P George Jun 1973 77 p refs
. D/t ratios of 56 and greater the mechanics of energy transfer IDA Prol 1W5 - 22604-A- OlOl

I 
from underwater exp losions The explosive free forming of arbitra ry IAD-76986 1 . FA.R.208 1 ) Ava il NTIS CSCL 1 1 I L
shapes from thin metal sheets, Stress corrosion cracking behavior Previouus ballistic tests indicated that the acceptance of a

~ 
of explosivel y deformed austenutuc stainless steel Explosive small arms , high-performance . aluminum alloy case required the

I thermomechanica l process in g of beta Ill Titanium alloy, Explosive development of aluminum alloy materials with strength and

~ 
compaction of umicke l base superal loy powders  Engineering toughness combinations supanmor to those available in alloys

~ 
economics of the explosive forming manufacturing facilities commercially produced Exploratory tests indicated that . wi.en
lModifued author abstract) GRA homogenized to contain less than 0 2 volume percent seconda ry

: . phases. two new alloys 1MA56 and MA6 1( which utilize high
purity ingredients had a strength-toughness approaching that
considered necessary At a slightly lower strength bevel . alloyN74- 1 1 843# Laboratorium f uer Betriebsfest igke it . Darmsta dt 
~~~ 5 was found to have excellent toughness A novel thermalIWeit Germanyl mechanical treatment was employed to se iective ly harden the

- REVIEW OF IN V E S TIG A T IO NS  ON A E R O N A U T I C A L head This cartridge case was used in conlunctuon with anFATIGUE IN THE FEDERAL REPUBLIC OF GERMANY. MAY invention (called a f lexib le internal element l to thwart accidental
1969 . JUNE 1973 aluminum case burn through and successfull y demonstrated theE Gassner and 0 Buxbaum Jun 1973 140 p rats Presented
at th. 13th Conf of the Intern Comm on Aaron Fatigue. London. flexib i lity of aluminum cases in high-p erformance small caliber

ammunition (Modified author abstract l GRA1973
)LBF.S-108( Avail NTIS HCS9 00

A review is presented of the work carried Out in the field
of fatigue of aircraft structures in Germany. Most of the sub lects N74.17271# Northrop Corp Hawthorne. Calif Aircraft Div
treated are fatigue test results from specimens and components CORRELATION OF PROPERTIES AND MICROSTRUCT URE
including effects of surface treatment and corrosive environment IN WELDED TITANIUM ALLOYS Final R.port . 15 Jun
Other reports concern loads measured in service and their analysis 1972 - 15 Jun. 1973
Investigations concerning cyclic stress-strain behavior as well as K . C. Wu Sep. 1973 128 p refs
crack propagation. residual st rength. and fracture toughness are (Contract F33615-72-C-2 015 , AF Drol 735 1)
also reported ESRO (A O - 7 6 9 9 t 9 .  NOR-73-l 10, AFML.TR .73-202 1 Avail NTIS

CSCL 11/6
The purpose of this program was to conduct a systematic

N74-13264# Rohr Corp.. Qiula Vista. Calif. investigation to correlate the metallurgical reactions during welding
DEVELOPMENT OF A FILLER METAL AND JOINING to the mechanical properties and microstructures in a Tu-6A 1-6V’
PROCESS FOR TITANIUM-ALLOY HONEYCOMB PANELS 2Sn we ldment To study the fusion-zone microstructure resultin g
Fln.l Report . Jul. 1971 - Mey 1973 from various welding processes (cooling ratesl and its mechanical
J. R. Woodward Wright-Patterson AFB. Ohio AFML Jul. 1973 properties, four welding processes , manual gas nu ngs ten -a rc
144 p welding, plasma arc welding. automatic gas tungsten - arc welding.
(Contract F33615-71-C- 1888; AF Proj. 7351) and electron beam welding. were used Thermal cycles in the

t ‘, (AD-767227 . AFML-T R-73-125) Avail: NTIS CSCL 11/6 heat-affected zone near the fusion line were measured tot the
Th, second generation beta t itanium alloys. Beta III . RM I four welding processes and the cooling rates from 2500F were

38-6-44 and TMCA 88-23. were furnished in foil and fabricated interpolated or extrapo la,ed Thus, a correlation between welding\ into honeycomb core. All three alloys responded well to the processes , cooling rates , and the continuous-cooling transforma-
core manufacturing procasa. Thermal effect studies showed that tion diagram was established and the relationships between the
all of th, beta titanium alloys were relatively unaffected hy high characteristics of welding processes and CCT diagrams could be
temperature . long time exposures when in foil form, Sheet foirns identified (Modified author abstract) GRA
resulted in grain growth under the same conditions. The Rohr
industries. Inc. proprietary LID(TM) bonding process showed the
highest strength joints of all other systems tested . Sandwich N74-26462 Lockheed - California Co .  Burbank
panels made with the three beta t itanium cores bonded to Ti THE LOCKHEED 1.- lOll TRISTA R FATIGUE AND FAIL-SAFE
SAl 4V faces were measured in all sandwich test modes. The DEVELOPMENT PROGRAM
date were compared with sandwich structure made with the L W Nelson , M A Melcon , an~d H Sumons In RAE Fail - safe
same joining system except with Ti 3AI 2.5V core. Results A ircraft Struct - Vol 1 Mar 1974 115 p rels
showed that significant strength improvements can be realized
by using beta titanium core , Projections also show that material The various tests performed on the Lockheed L- 1 0 11 are
cost economies may be realized by using beta titanium core. described The elements of the program includ ed formulation of

tests , and fatigue and fail-safe nests on two sepa rate airframes
Author (GRA) criteria , analysis . development tests , component design verification

Author (ESRO)fm474~17263# Brown Univ . Providence, RI .
-. 

- 
THERMOMECHANICAL PROCESSING BETA T I T A N I U M
Fin.I Report. 11 May 1972 - 10 Aug. 1973

s,~~ Donald H Avery end Ned W Polan Sep 1973 37 p refs N74.27034~l Bantelle Columbus Labs - Ohio
IContract OAAG46 -72-C-0 165 , DA Prot 1W5 -64603-D-385) RESEARCH ON SYNTHESIS OF HIGH STRENGTH ALUMIN.

‘• “~~w )A D-769937 , AMM RC.CTR-73-30) Av ail NTIS CSCL 11/ 6 UM ALLOYS. PART 2 Annual Progress Repo rt . 1 Jul.
The response of the beta alloy TS6 lTr 10 Cr. 7 V. 3.5 Mo, 1972 - 31 Jul. 1973

3 Al). to a wide variety of thermomechanical treatments has A. R Rosenfreld , C W Price, C J Martin , D N Williams . and
been investigated , including the effects of cold work on polygonized 0 C Rennen Jul 1973 135 p rets Prepared in cooperation
structures , the effects of cold-reduction temperature. and with Reynolds Metals Co. Richmond

- multi-stage aging Combinations of strength and ductility can be (Contract F3361 5-71 -C-1805 , AF Prol. 73531
manipulated within a wide range by varying she amount of cold (AD -777 159. AFML.TR- 72-199-Pt 2. APR 21 Avail NTIS CSCL

4 1 work and the aging treatment. Mechanical properties are strongly 11 , 6
dependent upon the mode of deformation during cold working The program is divided into two tasks The objective of

- and slight variations em alloy chemist ry Stress corrosion tests Task A is to optimize the properties of aluminum alloys by
F indicate superior performance of TS6 compared with similarly controlling the concentrations and sizes of the small , intermediate.

tre ated beta- 120 VCA A scale~up of ingot melting and processing and large precipitates Systematic variations in chemistry and
,, ,~~~~ techniques has been accomplished Ingots of TS6 weighing also in the homogenization and aging treatments have provided

technique Hot extrusion at 1800F has yielded two-inch diameter in a series of alloys based on the 7075 end 2024 afloy
I ~ 

twenty-eight pounds have been prepared using a master - alloy a range of Concentrations and sizes of the various precipitates

rod which has been successfully cold press.swaged 20% and compositions Procedures for fracture toughness measurements .~ 
-

~~ cold rolled 90% Compared with previous one-pound heats of of thin sheet material have been developed Fatigue tests have
i TSS. this material overages earlier , at somewhat lower hardness also been conducted The oblectuve of Task B me to develop a

levels, and with more rapid kinetics (Modified author abstract) recrystallized mucrostructure in wrought high-strength aluminum
GRA alloys during hot working The desired m,crostr iicture is being

?)
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, sought by cOn lrOl of hot-working conditions and also control of and sonic inspec tab ili ty The prope rt ies of cast 8-inc h-diametue
I alloy composition (Modified author abstract ) GRA ingots as well as 3 inch j ar processed from these ingots were

evaluated at yttrium contents u~ to 0 t percant Nearly all rhe

I ~ 

‘
: 

~

‘ 

of tita nium 6Al - 4V annealed forgings Tensile, fracture toughness , N75-27155W Naval Ship Research and Development Center ,

mechanical property data were obtain ed on alloys contasnmng
0 03 percent ytrrium At this level. significant grain refinement

N14-32001f Dayton Univ Research Inst Ohio was not obsi rvad in T i 3 8 - 6 -4 4  allhough improved sonic
MECHANICAl. PROPERTIES OF T i - 6A l -4V  A N N E A L E D  inspecrab ,i.r~ iup hem lransver s e ductility and improved stress -
FOROINGS Final Report. Jun. 1971 - Oct. 1973 corroSion resistar uce were obeerqed At the same 003 percent
Russell P Cerv ay Mar 1974 32 p refs yttrium conten t . the recrystallized T i- 6A l-4V beta grain size was
iContract F33615 72 C-1 282 AF Prol 73811 reduced and improved sonic inspectebility end ductility were
(A D-779937 UDRI TA 73- 16 AFML-T R 74-49 1 Avail NIIS obtained in wroug ht snd cast products GRA
CSCL 11/6

Tests were conducted to determine the mechanical properties

and constant amplitude cyclic crack growth prope rties were Annapolis , Mdobtained along w ith limired corrosion studies of fastener STRESS RELIEF HEAT TREATME NT OF MANGANESE -
installations The tensile properties were determined for three NICKEL-ALUMINUM BRONZE AND MANGANESE-BRONZE
ouientat ions and the f rac ture  toughness properties for four WELOM ENTS
Orientations Some of the tensile and f r a c t u r e  toughness Charles A Zanis Jan 1975 26 p rats
specimens were sublecteri to a time temperature exposure before (AD-A004578. NSRDC-4447l Avail t~T lS CSCL I l/S
being tested an room temperature The mechanical properties of Tensile properties. weldability. general corrosion. and cor- -‘

I the annealed material were similar to those in the literature rosion-fatigue properties were determined as a function of
The time temperature  exposure cycle slightly altered the stress-relief heat treatment for both cast Mn-Ni-Al bronze and
mechanical properties of the material The corrosion tests manganese-bronze propeller alloys. It was found that Mn-Ni-Al
conul ucted on the fastener installations dud not produce any bronze is susceptible to stress- co rrOsiOn c racking in the as-welded
, ra~ kIng fl the material under the test ~ondutuons Author (GRA( heat-affected zone Stress-relief heat treatments in the range of

700 to 1 200F were effective in eliminating the stress-corrosion
~ 
‘ I cracking in this alloy Manganese-bronze wel dm ents exhibited )

~ 

N76- 10506* Batte lle Columbus Labs . Ohio 
~~~r waldsbility but were not found susceptible to stress-

THE COLLECTION.  GENERATION . AND ANALYSIS OF corrosion cracking High-cycle corrosion-fatigue tests on
I MIL-HD BK -5 ALLOWABLE DESIGN DATA Annual Report . we ldments revealed an endurance strength at 10 to the 8th /

,1 
15 Feb 1973 - 15 Feb 1974 power cyc les of 12 ,000 pounds per square inch for Mn-Ni-Al
Paul E Ruff and Walter 5 Hy ler May t974  66 p refs bronze and 7 ,500 to 1 1,000 pounds per square inch for

) ICOu tr ac t  F336 15 73 C - 5053l manganese bronze GRA
AD 783616 AFM~ TR 74 611 Avail  NTIS CSCL 1 t ‘6

TIme annu al report iliuscrubu’~, luiq hlights of the activities, and
progress of the M, L - H D R K  S puoguorni from February 15 , 1973, 

N75 303O3# Army Foreign Science and Technology Center ,
throug h February t 5 1974 Tru e Mil i tary Standardization 

Charlottesville VaHan dbook MIL HU SK 58 Met ,ui l i c Materials and Elements for 
H I G H  S T R E N G T H , HEAT RESISTANT AND STRUCTURAL

~ 
p -

~ Aerospace Vehic li~ Struu . t i~ ’i’ S us ‘ . . r t qniznd as the pruni~iry source 
ALLOYS OF ALUMINUM WITH LITHIUMfor design alloy . le data by Fue Oepartmeurt of Defense (DoD) 
M B Altman 18 Sep 1974 40 p refs Transl into ENGLISHand ot l’e, Gouu’inr~ ,.uuI a i~r- ri’ responsibli- - for aerospace vehicle from Alyuminievye Splasy (USSR). no 7, 1972 p 204-230

~ design the Har’,ltuui,k i.onta ,ns design allowable data on metallic 
(AD-A005977 FST C-HT -23- 091 1 -74 )  Av ai l  NTIS CSCL

mnuate mial s , fasteners , b u m s  ann othei struct u ral elements A 11/6
~~~~~~~~ data consoi ,dati . ,ii arid s t ,u t .~ t ,  al a u la l v s , s  procedure was 

This is chap te r  7 of a book entitled Aluminum Alloys
deselol,ed T he mi-miNi-id of a i lalys,- , was testeul on collections Industrial , Deformable. Suntered and Cast Aluminum Alloys These

I of fatigue -lana ‘a’ 2024 m u  10’S a liu u rmi uu ii m all,is - r 6A1 4V alloys are broken down into groups depending on their properties .

~~~ N75-2493O~ Air Force Systems Command W right - Patterson 01420 alloys in part icular) are discussed in detail Data on

alloy ~ u” I 30C A St i ’ u i a u-t b  gcuieia l ly ituuod r r’ ssl ts Tuup ic ’ u studied use and chemical composition This chapter deals with aluminum~ include f ’a c t ,uiul ti.ugi ’iess stir s., i.orrosiorr and .tii’ , .  str ain alloys alloyed with lithium , with Iut huum and cadmium , and with
~eu .mt. i i r  - GRA lithium and magnesium Research on propor t ions,  alloying

procedures. and the resulting properties of alloys VA023 and

AFB Ohio Foreign Techno loqy Div mechanical properties at various temperatures and physical and

I t STUDY OF THE PROTECTION OF THE TITANIUM BOLT corrosion properties of the alloys are included GRA

ASSEMBLY
G Sertour and M Guerlet 20 Mar t 975  50 p Transl into
ENGLISH Emis Pa le Serv Technique Aeron Section Materlauun N76-12136# Air Force Rocket Propulsion Lab., Edwards AFS.

1 
22 Fra nce , 22 Nov 1973 p 1 - 41 Calif
IAO-A007945 FTD HC-2 3-0975- 75 l  Avail NTIS CSCI. 13/5 PRELIMINARY FLIGHT RATING TESTS OF THE HAlT

The fi nishing presenniy used on the T-A6V bolt assembly-- PROPULSION SYSTEM Final Report 4anodic sulfuric oxidation lubrication with molybdenum busulfate, Carlton D Penn and John t Branigar’ Jan 1975 199 p refs

I~
iII1 ~~~~ is inconvenient in certain uespecns~ in particul ar , from the point (Al’ Proj 3148)

of view of corrosion of the poles by galvanic couples and )A D-A0l2200. AFRPL-TR - 75-5 l  Avail NTIS CSCL 21/ 8
• adhesion of paints and mastucs on the sc rew heads The tests Preliminary Flight Rating Tests of the hybrid rocket propulsion

consisted of comparing various possible methods of protection . system for the HAST target missile were accomplished by the
encountered during tests defined according to various norms Air Force Rocket Propulsion Laboratory Nine tests of the ftight
Among t he tested protective agents . M0S2 , Cadmium and configuration system were conducted at simulated altitude

- Aluminum , only the aluminum protection agent gave results which Overall operating characteristics and performance were shown
• were satisfacto ry in atl respects GRA to be satisfactory for missile flight tests GRA

11
,1 1I N75-24931# RMI Co - Niles, Ohio Research and Development

pr .~~~~~ Dept
GRAIN REFINEMENTOF TITANIUM ALLOYS Final Technical N)6.18271ir Lockheed Missiles and Spa ’ -  Co Palo A l to  Calif
Report. May 1973 - Jun. 1974 Research Lab
M .J Buczeli 0 S HaIl, S A Seagle, and H B Bomberger CORRELATION OF MICROSTRU CT URE WITH FRACTURE

V (Contract F336t573C51O8 AF PrOl 7351 ) Report . 21 Nov. 1973 - 21 Jan 1975

I 

Nov 1974 142 p rats TOUGHNESS PROPERTIES IN METALS , PART 2 Final

(A D-A OO$5 32 , AFML-TR 74 255) Avail NTIS CSCL 11/6 Richard E Lewis and Flank A Crossln’ y 2 1  Jan t 9 75  67 p
The ob lective of this program wax to determine the optimum re fs

amounts of yttrium added either as the oxide or element for (Contract N000t9 74 C O t f l t l
grain refinement to commercial Tr - 6A 1 4Vand Ti -38-6-44 titanium lAD - A 0 T 5 9 7 7 . LMSC-D4 54884 Pt  2) A n a l  N T I S  CSC I
alloys and establish the effects on subsequent rnechenical behavror 1 1 - 6
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T i-6A l-4V alloy ru three mill product forms auud Ti 6Al - 6V 2Sn N75-7~~~~ ~~ckheed-Georgia Co , Mariet ta Advanced
.4 0 7Fe 0 lCu iT , 6621 alloy in one product foim we re studied Structures Div

, 

— 

t unes and fracture toughness T he Ti 6A1 4V mill products were ALLOYS Final Summa ry Report. May 1969 . Ju l. 1970
tom the purpose of establishing a co rre lat ion between mucrostru c M A T E R I A L S  GOALS FOR IM P R O V E D  STRUCTURAL

1- and 2 4 in plates and 4 x 4 in forged billets The T i-662 George W. Stacher Sep 1970 167 p

~
. product was 1 -in plate Alloy mull produce processing and (Contract F336t5-69- C’ 1642 ,  AF Prol 7351)

5 heat treatmen l variables produced 2 1 micmostructura l conditions (AD-AOO1O 8S , AFML -TR- 7O .225 (
complementing the 28 conditions studied in a previous contract A compilation of data involving use of materials on selected

~ with Naval Air Systems Command C im utuact N00019 72 C - 0545 aircraft areas of two types of aircraft has been accci nplished
- Tension test  f r a c t u r e  toug hnes- . salt wa te n stress conios uou u Wing surface , wing internal section. fuselage panel and la nding

- crack growth tIumeshold , and fatigue Cu.. k growth r ate properties gear data concerning the use of aluminum . steel and n tanuum
have been compiled for a large cargo aircraft IC.5) and a supersonic
fighter Data Consists of mechanical property items CormosiOrss ,
producibulity. maint ainability. avar lob iluty and cost pertaining to

i A73.25514 a X 2048, a high strength, high tou~~tnets alloy the above sect ions and material Direc t comparison of she materials
for ~~~~~ applications. S. A. Levy, R. E. Zunkham , and G. E. in con~uncIion with the study parameters in each application

~ 
Spangler (Reynolds Metals Co.. Richmond , Va .) . AIAA , ASME , and has been n.ade for the two aircra ft and presented Also included

I SAF . Strn.uct uires , Stru ctural Dynam ics, and Ma rer,als Conference, ~ the effect of selected mechanical properly improvements on
r 14th , WuIIiarnst.ru,r g, V5. , Mar, 20-22, 1973, AIA A Paper 73-385 . 7 p. the weight of aircraft structure By assuming certain
L~ 

Members , $1.50; nonmembers, 52 ,00. percentages of umpro~ei mme nts in the propert y levels of the trrree
I~ 

X 2048 is an alloy which retains all of the desirable properties of materials considered . computerized data was collected indicating

~ 

. 2024 or 2124 T851, but eshib its fracture toughness equal to/or the effect of the improvements on weight of each of the three
-
.
. greater than 2219 - T851 Testing of three inch thick plant-produced sections evaluated Appropriate curves have been gen c mated

~~ 

.
- 

-i 

plate has shown that the strength corrosion resistance , fati gue indicating those material areas wa mnant ung development
, - resistance , and elevated temperature stability of 2X24-T85 1 are
, - maintained. Through control of chemistry and processing. the level

~

i- 
• 

~ alloy. Short transverse elongations as high as 8% have been obtained Annapolis , Md
of brittle second phase particles is substantially reduced for the new N75.7768O Naval Ship Research and Development Cenneu

~~- for X2048. (A uthor) PROPERTIES OF MODIFIED NITINOL ALLOYS Research

I 

h~ 

and Development Report
. J P Gudas. 0 A Davis . and F J bomba Mar 1973 28 p
.‘ (Pro j ZR000.0101(A75-17575 Alloys for spars of rotorbladet of helicoptert , lAo 781469. NSRDC-3919 NSRDC - 28-503(

~ 
I E. t . Kutaitseva , V. S. Komuxsarova , I. V. Butuxova , and N. V. This investigation deals with the production and t u n i n g  of JEgorova. (Metallovedenue i Termicheskaia Obraborka Metal/or. no, 5, 

~ ~ modified nut unol alloys Corrosion properties me .lianical
1974 , p. 15-18.) Metal Science and Heat Treatmen t. vol . 16 , no, 5.6, properties , processing parameters. and microstructu mal
Nov. 1974 , p. 38t.383. Translation , characteristics have been determined as tIre function of alloy

~ ~~ 
c\ ~ opy and in fatigue tests in air and in a 0.001% NaCI solution, The corrosion behavior of alloys produced as well as no broaden the

I. 
‘
~ The AVT 1 and A033T 1 alloysof the Al-Mg-Si system currently type Results indicate that substitutional additions of Mo . Fe

. - ~ used in hollow mars of helicopter rotor bladet , and a new V9~T1 and Cr are beneficial in preventing localized crevice corrosion
- ~ alloy of the Al-Zn-Mg-Cu syttem wer e studied by electron micro- Fu rther studies are being undertaken to dete~mune long-term

data base dei.cnibung the effects of the level of alloy content

~~
, 

~ 
strength. The test data are tabulated and electron micropt’otographx
V91T1 alloys were found to exhibit the best fatigue and corrosion Modified Author Abstract

~ 
a. 

~ 
A75-20449 ri Type IV c~ ss 1 & 2 commarc’~I airplane DEVELOPMENT OF AN Al-Mg-U ALLOY Final Technical

are presented, n_ i_ P.

N75-77844 Aluminum Co of America. Alcoa Center . Pa
- I Physical Metallurgy Div

hydraulic fluids. W. C. Nelso n and A , W . Waterman (Boeing Report. 8 Feb. 1973 - 8 Feb. 1974
- , Commercial Airplane Co., Seattle . Wash ,), Sperry Rand Corp., Joseph W Evancho Jun 1974 186 p

(Contract N62269-73-C- 02 19(Aerospace Fluid Power Conference. 23rd , Troy, Mich, , Nov. 1 8. 19. AD -7870271

~ I Type IV low-density fluids in specific response to erosion resistance and some upset forgings were fabricated Solution heat

1974, Paper, 52 p Four Al-Mg-Li alloys were investigated for potenlual use inDuring 1973-19)4 Boeing has worked with the three suppliers high performance aircraft Ingot casting was very d i f f i c u l t
of aircraft phosphate ester hydraulic fluids to develop a rid qualify Fabricating was also difficult . however . a limited amount of sheet

approved for airline use. These fluids have been shown to tolerate and aging surveys for each alloy were conducted Cold working
in the presence of chemica l contaminants, Two such fluids have been treatment practices providing highest strenghth were determined

• 1000 ppm of an in-service chemica l contaminant . arrest erosion when between solution heat treatment and artificial aging significantly
used as a 50/50 mixture with a contaminated fluid , and provide affected response to artificial aging Elastic modulu were highe
improved thermal stab ility by passing more stringent specification and densities were lower than those of other aluminum alloys
te xt requirements. Future developments are progretting on schedule Elevated temperature strengths were comparable to those of

2O20-T6 Resistance to exfoliation corrosion was comparable to• for the development and qualification of high-density candidate 7 O 7 5 -T 7 6  sheet . but the alloys were highly susceptible tofluids in response to customer interest, The oblectuve of improving stress-corrosion cracking Toughness of these alloys was alsovalve hardware for tolerance to erosion us being addressed by very low Modified Author Abstract
conducting evafbations of advanced port configurations, (Author)

~ N15.78044 United Aircraft Research Labs - East Hartford . Conn
A75-20990 New high strength aluminium alloy. H.A . l’loll DEVELOP, FABRICATE A N D  TEST HIGH S T R E N G T H
(Mini stry of Defence /Pr ocurement Executive/. London, England). DIRECTIONALLY SOLID (FIEO EUTECTIC ALLOYS Final
Aircraft Engineering. vol.  47 . Jan. 1975, p. 25-32. 9 rets , Research Report . Mar. - Dec. 1973

- supported by the Ministry of Defence (Procurement Executive), Edwin H Kraft , Earl A Thompson . and Valentuno M Patarinu

- Information is presented on the properties and the potential Apr 1974 80 p

-
~~~~ 

applications of a new aluminum-zinc-magnesium-copper alloy . The )40 77865i- UARL N9l 1649-3)
IContract N62269.73-C-031O(

- i..j properties of the new alloy are compared with the properties of A directionally solidified eutectic alloy was synthesized based
aluminum alloys currently used for airframe construction , Questions on the Ni-Cr eutectic , but containing in addition to nickel 37 0
of alloy composition , heat treatment, and metallurgica l character- w/o Cr, 180 w/o W, 100 w/o Co and 01 w/o At Thus
istics are coui,udered , Attention it green to tensile properties, euitectic, while not of optimized composu non . shows superior
stress-corrosion retistance , exfoliation corrosion resistance , fracture oxidation-hot corrosion resistance over existing eutectic alloys
toughness, fatigue strength and crack propagation resistance , and and some nickel base superalloys. and as a system holds promise
properties of product forms other than pi rt~, G A . of a strength advantage over the superalloys in the temperature

II
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- region of 2 .000 F and above Use of the Ni3Cb reinforced eutectu cs 76- 13004 Battelle Columbus Labs . Ohio Metals and Ceramic
has ber r made more practical by demonstration of superp lastu c Information Center

. bonding of a superalloy to t he gamma prime-delta PROPERTIES OF TEXTURED TITANIUM AL LOYS
, 

.- i N u- 23 lCb 4 4Al( eutectuc , such as would be done in forming a Frank Larson and Anthone Zarkades Jun 1974 83 p
tur bine blade root The effect of particle impingement on thus (Contract DSA900 74-C - 0616 l
eutectuc and the gamma gamma prime-delta ( N u 20 7Cb 3 All (AD 781884 MCIC-74 20)
eutect ic was studied and showed that while some cracking can Thus repout ueve a ls that many important eng ineering properties
be expected with high impact energies , mucrostructuna l changes of titanium and its alloys are anrsotropic and that this au ui ..otropy

I are limited to the immediate area of the impact Heat treatment can be used to achieve improvements in structuue s and other
was shown to increase the room temperature and intermediate applications From this review of testures found in commercial

~ 
temperatu te stre ngth of both delta ueunforced eutectucs. but has tutaniur r i  pioducts and the ~~ay in which they develop, it can be

, little effect at 2 .000 F Author seen that a wide variety of different types are possible arid
many others will undoubtedly be developed as the knowledge
increases or a specific need arises

71, 13001 Naval Intel l igence Support Center , Washington , D C
rr anslation Div
STRUCTURAL MATERIALS FOR FABRICATION OF SHIP 7b 13~~ 5 Army Foreign Science and Technology Center
REACTORS AND STEAM GENERATORS Charlottesville Va 

~rP A Manko and B E Soloimskii Feb 1973 1 14 p Trans l A NEW CONSTRUCTION MATERIAL. TITANIUM
unto ENGLISH from Mono Kostruktivnye Matec Dlya lzgstovleniya I I. Kornilov N M Fedorchuk and V M Berenblum Jan :sudovykh teaktorov parogeneratorov , n p . 1969 p 31-5108. 1974 25 p Trans l into ENGLISH from Mono Movyu Konstruk i
t67 - t79 , 187 - 195. 208-2 10 Material (Moscow). 1972 p 6 -15 ,  131-134 , 193-19 7

, IAD-757725. NISC-Tra nis 33851 (AD-A002645. FSTC -HT -23 -246-74 1
Contents structur al materials for nuclu .,r reactors and steam The book from which these excerpts are taken presents new

- , gener ators . technology of fabrication of basic parts and research on the chemical interaction of titanium with var ious
subassemblues of reactors and boilers , quality control of reactor elements, and looks at phase transformation in certain alloy
and steam gen erator parts and assemblies by means of ullrasonuc systems The articles give the results of studying the

I flaw detection , and assembly of reactors and steam boilers on electrochemuca l behavior of titanium and its alloys in aggressive
• ~ board ships media . and also the osidizabiluty of the most important titanium

, . ~ alloys 1

~ 
76-13002 8attelle Columbus Labs , Ohio Metals and Ceramics 

Arsenal , Philadelphia Pa
THERMOMECHANICAL TREATMENTS ON HIGH

Information Center STRENGTH A l-Zn-M g(-Cu) ALLOYS
—

- I TITANIUM ALLOYS HANDBOOK E DiRuss o , M Conser va, F Gat t o , and H Markus Jun 1972
Richard A Wood and Ronald J Favor Dec 1972 644 p 15 p Pub in Met Trans . v 4 , Apr 1973 p 1 133 1 144

, Contract DSA900-73-C- O922 l IDA Proj. 1-T-162 1O5-AH-84(
(AD- 758335. MCIC- HB-02l IAD -AOO3295 , FA-TA-74037 (

f 1
k 

This handbook represents the third edition of an earlier An investigation was carried out to delermune the
document The first and second both entitled ‘Aircraft Des~gruer ’s m etal lurgical properties of Al-Zn-M g and Al Zn-M g- Cu alloy

ii
, Handbook on Titanium and Titanium Alloys were published in products processed according to newl y developed final

I 

~ August 1965 and March 1967 . reSpecti vely Information presented thermomech anical treatments (FTMT( of 1- A HA type The ucsulli,
in the handbook w as obtained from many sources Those show that these cycles can be utilized to produce wroug ht products
cooperating included government agencies , the tit anium producers . of high purity Al-Z n-MgI-Cu) alloys characterized b5 equivalent

,, airframe and engine companies . and many others The practice toughness and ductility and much higher strength thee

t of referencing these various sources has been followed in all conventionally processed commercial p uri ty materials Based on

sections of the handbook The information is representative of trans mission electron microscopy studies us was found that such
good engineering practice even though ac tua l  designs and improved behavior of FTMT mater ia l  us a t t r ibu tab le  to the
fabrication processes may vary fro m those recommended in other superposition of hardening effects , from aging precipitation ano
sources Metallurgy, availability, machining and forming, loining. from dislocations Preliminary stress corrosion and fatigue tests
and mechanical properties of titanium alloys are presented indicate th at these indicate that  these properties are not

substantially influenced by T-AHA thermomechanucal process
Further work us needed in this area. in order to better under’sand

- the directions to follow for developing better alloys Autfuoi

76-13003 Battelle Columbus Labs , Ohio
TITANIUM CASTINGS TODAY 76~13007 Battelle Columbus Labs - Ohio
J C Kura Dec 1973 118 p ENGINEERING DATA ON NEW AEROSPACE STRUCTURA L
( Cont act DS,A900.74-C-06t6( M A T E R I A L S  Finpl Summary Report. Apr. 1973 - Apr.

- I ( A D - 7 7 2 7 2 5 ,  M C I C -7 3 . 16 l  Ava i l  Non - US. Addressees 1975- . HC $18 50/MF $1850 Omar L Deel . Paul E Ruff. and H Mundlun Jun 1975 287 p
~~~ d1 

Titanium castings weighing from a few grams to over half (Contract F33615-73 - C-5O 73 , AF Pro1 73811
a ton are being produced Three foundries produce castings in (AD-A017848. AFML - TR - 75- 97(
rammed graphite molds chiefly for applications where  high The malor oblectuves of this research program were to evaluate
resistance to corrosion is import ant Three other foundries use newly developed materials of interest to the Air Force for potential

- ~~. investment molds exclusively to produce precusron castings , ch efly structural airframe usage. and to provide data sheet type
~~ for the aerospace industry Maximum pocr weight is about 350 presentations of engineering data for these mater ua(s The effort

pounds Investment castings are almost free of surface contamu ni. covered in this report has concentrated on 7049-T7 35 1 plate .
tuon while rammed mold castings have a contaminated skin that Inconel 617 annealed sheet , 7475 T735 1 plate , 24 19-T851 plate,
does not affect the corrosion resistance of the castings The Tu - 6A1.2Zr.2Sn.2Mo.2Cr duples-annealed forging.I contaminated skin can be completel y removed by che mical mrtling T i - 6 A 1 -2 C b - l T a - l M o  annealed plate , Tu - 6A I - 4V beta-annealed

- 0 Casting design guides and inspection standards are similar to plate. Tu -6A 1 - 4V annealed castings , T i-6A 1-4V isothermal forgings,
those used for steel castings Or superalloy castings Defects Incoloy 903 heat-treated sheet . and 201 0 T7 ~astrngs The

- t
~~ 

enco untered are s i m i la r  to those corninon 10 other castings Weld properties investigated include tension compression , shear . bend,
rep airing of defects rs practiced and, when properly done , has impact . fracture toughness, fatigue, creep and stress rupture , arid

~~~~ 
no adverse effect on the properties of the castings Radiographic stress corrosion at selected temperatures
standards are being developed specifi call y for titanium castings
One rammed mold foundry uses a water-soluble core which allows

— the production of cored cavities of complex shapes Several grades 76- 13008 Dayton Univ Research Inst . Ohio
of castings are produced in unalloyed titanium and in the Ti 6A 1-4V MECHANICAL PROPERTY DATA FOR ALUMINUM ALLOY

- ~~~ alloy In general . the mechanical properties of titanium castings 2419-T851 PLATE Final Report , May 1974 - Jun. 1975
compare favorabl y with those for fo rg ingx Author John J Ruschau Sep 1975 31 p

~~~~~
u
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Contract F33615 - 74- C 5024 . AF Proj 73 811
IAD ’A0 18t59. A FML -TR - 75 - t36 l

Tens ile, fracture foughn.ss. fatigue, fatigu e crack growth .
— and stress corrosion properties for aluminum allo y / temper

2419 1851 two inch th ick - plate were determined The material
was obta in’ad from the Aluminum Company of Americ a (ALC OA)
Material property comparisons were then drawn between data
developed from a single plate of the test alloy and aluminum
alloy 2219 plate in the 1851 heat treatment condition,

76-13005 Aeroj et Liquid Rocket Co , Sacramento. Calif
STORABIUTY INVESTIGATIONS OF WATER . LONG TERM
STORA GE EVALUATION Annual Report . 15 Aug. 1974 -

30 Sep. 1975
E M Vanderw al l and C R Janser Dec. 1975 65 p
IContract F04611-12-C-0062 , AF Proj 3059)
(A D-A 01 9279 , AFRPL -TR - 75 -62 (

The ob lect ive of this program is to gather data that will
permit the Air Force to assess the tong term storage characteristics
of water particularly with regard to formation of pa rticulate matter .
so that the feasibility of long-term stor age of water for use as
a transpiration coolant can be determined , Five metallic materials
of construction are included in this program. 304 stainless steel .
A-286 (aged l steel. 17-4 (aged) st ainless steel , Inconel 71 8
(agedl. 6Al-4V titanium (STA) . Two typ es of water are used in
the program , oxygen-saturated , deionized, filtered, and
oxygen-free, deionized, filtered, Five-year storage tests have been
initiated in 304 and 17-4 PH stainless steels, A-286 steel , Inconel 

•
1

• 718, and 6-A I-4V titanium (STA( containers using the filtered.
deionized waters. Evaluation of water and containers stored for
eighteen months and twenty-four months has been completed.

F - ‘- The data show that both oxygen-saturated and oxygen-free water
can be stored in appropriate metal containers for the selected
time periods without detriment al pa rticulate matter formation or
significant changes in the quality of the water.

76-13010 Pratt and Whitney Aircr aft, West Palm Beach . Fla,
Research and Developm ent Center,
BERYLLIUM/TITANIUM BIMETAL SYSTEM Final Report.

-; 1’ 10 Sep. 1973 - 5 Jun. 1975
Arthur A . Cox Sep. 1975 33 p
(Contract N00019-74-C-0117I
(A D’A019657; PWA-FR-7273(

L I The purpose of this program was to determine the eng ineering
value of a powder metal beryllium /titanium material as applied
to the F401 gas turbine engine. Two material typ es, one 50
percent beryllium by volume and the second 60 percent beryllium
by volume, were selected for evaluation with respect to augmentor
nozzle actuation links, Mechanical , metallurgical, and corrosion
resistant tests were run for each materi al and parts designed
and fabricated on the basis of these results, The fabricated link
assemblies were tested against part operating criteria and the
results showed that both materials buckling at 600 F. Also, in
cyclic tests to determine comp onent durability both materials
were satisfactory . An attachment failure caused one of the two
link configurations to fail permaturely: however , subsequent
analysis showed this was correctable by a simple design and
modification, Author

• i 71.13011 National Aerospace Lab., Amsterdam (Netherlands ).
Struct , Mater. Div.
FRACTURE MECHANICS APPR OACH TO THE USE OF
TITANIUM ALL OYS FOR THICkER-SECTION AIRFRAME
COMPONENT S
R, J H Wanh ill I1973~ 13 p J. Inst Macals , Coden J IMEAP ,
Publ. 73, Series 101. Oct p 2 5 8-270 Section CA056007 .
PubI Class .1, Coverage 11
(CAO8 11206752 lMl
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