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FOREWORD

Arising from its successful one-day symposiux on corrnsion of aircraft, held ia
April, 1966 and described in AGARD Report 540, the Structures snd Materials Panel
of AGARD held & two-day sympesium on stress corrosion cracking in April 1967 in
Turin, Italy. Mr H.G.Cole, Ministry of Technology (Aviation Group) UK, was retsined
to plan and monitor the meeting, to edit the papers and to repert the discussior.

The symposium was attended by over a hundred delegates irom the NAIO nations, drawn
from aircraft constructors, metal magufacturers, independent research organisations,
Universities and Government departments (including Serving Officers). Seven formal
papers covering general theory., eluminium alloys, nonstainless steels, stainless steels
and titenium alloys were followed by seven naticnal surveys that described the current
research and development work on stress corrusion cracking.

The large attendance, the high level of the papers, and the iiveliness of the
discussion all testified to the importance of the stress corrosion cracking phenomenon
and the Panel acknowledges with thanks the parts played by ¥r Cnle, the authors, the
contributors to the discussion and the attendees in ensuring the success of the

symposiuz.

Noel H.Mason
Chairman, Structures and Matericis Panel
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AVANT-PROPOS

Comme suite au syaposium de un jour sur la corrosion des avions tenu en avril 1966
[ et décrit dans le Rapport No. 540 le 1' AGARD, la Commission “Structures et Matériaux”
de 1° AGARD a organisé pour avril 1967 & Turin, Italie, un colloque consacré & 1’ étude
de la fissuration due a la corrosion sous tersion. Mr H.G.Cole du ministere de la

3 Technologie (Groupe Aviation, du Royaume-Uni s €té nommé peur établir le programme,
contriler )a réunion, préparer les textes pour lg publicatiun et rendre compte des
discussions qui ont suivi les exposés.

Ont participé au sympcsium plus de cent délégués des pays OTAN, parmi lesquels se
trouvaient des représentants des constructeurs d' avions, industries métaliurgiques,
organismes de recherche autonomes, universités, services gouvernmentaux (y compris
les Forces Armées). Sept exposés couvrant les principes, les alliages d' alum!nium,
les aciers non inoxydables, les aciers inoxydables, et les alliages de titanium
ont été présentés suivis de sept mémoires donnont un spergu des travaux de recherche
et de développement effectués sur le plan national sur la fissuration per c. rrosion
sous tension.

L' assistance nombreuse, le niveau éievé des exposés et la vivacité des discussions
ont témoigné de 1’ importance du phénoméne des fissures dues & la corrosion sous tension
et la Comwission tient & remercier Mr Cole, les auteurs, tous ceux qui ont participé

aux discussions et enfin tous les congressistes pour leurs contributions respectives
g8u succeés du symposium.

N. H. mason
Le Président de ls
Commission “Structures et Matériaux"
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EDITOR' S NCTE

In the reports of the discussions that followed the papeis, all
premature failure due to the conjoint action of tensile stress &ud
corrosion is calied Stress Corrosien Cracking, (5CC) whether the
mechanicm is by Active Path Corrosion, Hydrogea Embrittlement, or by

any other mechanisa.

The reports have not been checked with the speakers, and are the
sole responsibility of the Editor.

H.G.Cole
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GENERAL THEORY OF STRESS CORROSION

by

Mars G.Fontana

Professor and Chai:man, Department of Metallurgical Engineering,
The Ohio State University, Columbus, Ohic. USA
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GENERAL THEORY OF STRESS CORROSION

¥ars G.Fontana

Stress corrosiou is the degradation of materials by the cunjoint action of tensile
stress add corsrcsion.  For lhe purposes of this paper, stress corrosicn is considered
tc oe the prematvre =nvircnmental cracking of alloys. 1In practically al® cases of
stress corrosicn, ccmmon features are (a) britcle fracture or essentially no gross
ductiiizy, (hy ozro-icn 15 lacalized with little If ay general overall attack,

() failare is premsatire based va strictly mechanical considerations, and (d) ssecifi-
city of the alluy-environment system.

The devastating 2ffects of st.ess 2orrosior can be illustrated by comparing it tc a
sti<cisi-temperature system ~nd alsc by short cracking times. Type 304 stainless steel
felis in boiline gagnesium chloride &t approximately the zame tize and stress as Scress-
roptuve at sbout 1300°F, This same steel will crack in & few hours at a few thousand
ib/in. 2 under chloride concentrating conditions at 400°F. Brasses and ultra-high
strenqtn steels can be made tc creck irn seconds and minutes. As we move in the direction
of higher strength ailoys to iaprove cost and performance considerations in serospace
and wndusirial plant applicatinns, know)edge of mechanisms and effc tive mitigation
¢f stress corrosioa are nececssary. The ultimate goal is quantitative predictive
capaviliries and reliable design deta. In fact, stress corrasica is one of our most
important corrcsion problems and millions of dollars are being spent annually in many
laboratories on studies of this p~oblem. This is & challenge that zust be met.
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Many zecheni wr of s.ross corrosion for numerous alloy-environment systems have
been proposed. I all cases ther opply directly only to the system involves. In many
cases, they are really not “‘mechanisms * but a description of conditions, steps, or
processey operating for the given system. The specificity of stress corrosion -
exaprles are titanium alloys - N3, austenitic stainless steel - chloride waters, and
brass-smmonia - incicates ‘hat a single, general, unified mechanism for all systms s
not likely. The interplay between ailoy, interface, snd :pvironment is indeed c:mplex.
; As an aside ard furtner to complicete the problem, ronmetallics also exhiblt environ-
= mental cracking. For example as-cast epoxy resins crack in certain caustics, acids,
and sc:ivents; stress relief heat treatments stop cracking, and applied stress causes
cracking - they behave ir a mannev similar to alloys!!
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Cracking failures have been desiiibed as s ress corrosien, Stress-corrosion cracking,
corrosion ciacking, secason cracking, causzic embritilement. sulfide - stress cracking,
hvdrogen emhrittlemen:, &nd hydrogen - stress cracking. All of these are more or less
related atthough sorme distinction can he made between stress corrosicn and hydrogen
embrittlement. Figure ! lilustrates schesatic differcntiation betaeen the two modes

of cra-king®, Stress corrosion invilives dissoclution of metal at the advansing t1p of
the crack. If anodic currents promote rraqﬁxng, the system :s aundically sensitive
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and the cracking is stress corrosion. Hydrogen embrittiement involves brittle fracture
assisted or catalyzed by hydrogen. If cathoedic currents proicote cracking, the system
is cathodically sensitive, and cracking is due to hydrogen embrittlement. Austenitic
stainless steels are a good example of anodically sensitive allcys. High strength
steels are susceptible to hydrogen embrittlement. However, this is not to say that
these modes cof cracking are always separate and distinct. In many cases they operate
simultaneously.

Conditions for stress corrcsion can be summarized as follows:

(alloy suscept:bility)? x (environmental aggressi\enes‘}“ x
x (stres intensity)? > constant of the system.

If one of thesc factors is zero, cracking will not occur. If cne factor is relatively
low then another factor could be relatively higher for cracking to cccur in a given time.

Crack morphology varies from almost straight liues tc branching and “river delta”
patterns. Figure 2 illustrates intergranular, transgranular, and transgranular cracks
with branching. These are properly labelled cracks even thcugh they might progreas
because of local dissolutjon at the Lip. Scmetimes both intergranular and transgranular
cracks are observed together. In cagnesium alloys, the mode of cracking can be changed
from one to the other by heat treatment or chasges in the environment, so one alloy
does not al. -ys have its own specific crack morphology. Many years ago a transgranular
crack was erroneously interpreted as corrosjon fatigue and an intergraanular crack as
stress corrosion. The appearance of the surface of the fracture (fractographs) is
essenti1ally identical in most cases for both stress corrosion and hydrogen embrittlement
for a given alloy. Cracks always progress normal to the direction of the stress except
in rare cases when a crack is observed as far nff as ninety degrees from the direction
of applied stress.

Strengthening mechanisas for metals and alloys include (a) precipitation of a second
pbase from solid solution (aging), (b) martensitic hardening, {(¢) strain hardening (cold
work), (d) duplex structures (austenite and ferrite in stainless steels), and (e) solid
solution hardenirg. All except the latter tend to destroy the nomogeneity of the alloy
and/or involve residual stresses which could coniribute tc the loralized attack and
stress levels generally required for stress corrosion.

Metallurgical factors are important in stress corrosion. These ipclude preferential
orientation of grains and grain size, composition and distribution of precipitates
dislocation interactions, progress of phase transformations, and others discussed below.
It is difficult toc evaluate the effect of changes in microstmicture in themselves on
the resistance of high strength steeis to stress corrosion because changes in micro-
structure in 2 large measure change the strength of the steel. The stress corrosion
resistance of quenched Types 403 and 410 martensit:c stainless steel does not change
appreciably with tempering temperature until about 1100°F when the resistance tec stress
corrosion increases tremendously. However, the hardness and strength recrease.
Additional studies on this alloy in ouir laboratory showed the drastic elfect of
wanganese sulfide inclusions. Cracks started within 39 seconds at the base of the pit
forned by dissclution of the inclusion.

Grain size can have an important effect on susceptibility to stress corrcsion but
this can often be associated witb second phases. Some claim grain shepe is more
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responsible in aluminum alloys than any other metallurgical factors. For maraging
steels, swall grains show much better resistance to stress corrosion than large

grains. 1arkins? has shown that grain boundary carbides in mild steels are cathodic

to the surrounding ferrite. Tiner and Gilpin® ohbserved & similar phenomenon in 4340
steel where the carbide remained unattacked and the surrounding ferrite was dissolved.
Cracking of low ard hi~% allcy steels follows prior austenite grain bounduries probebly
because of compositional differences in these (anodic) areas.

High strength aluminum alloys exhibit susceptible intergranular crack paths. They
also show greater susceptibility in the direction transverse to forging or rolling
direction.

Some publications in the literature claim immunity for tangled dislocation structurcs
and susceptibility for coplanar dislocation arreys. We believe that there is no unique
correlation between dislocation ccplanarity as viewed in th.n foils and susceptibility
to cracking.

Composition is important becsuse it can markedly affect the .esistance of alloys to
uniform corrosion and localized attack. Figure 3 shows stress corrosion of stainless
steel wires 1in magnesjum chloride as a function of nickel content (added to 18 Cr-Fe
base)®. Kirk et al.> showed essentially the same cracking behaviour for Types 347 and
316 in chloride waters at 400°F. Carbon improves resistance and nitrogen, phosphorus,
and some other elements have delctericus effects on the austenitic stainless steels.

Figure 4 shcws the effect of carbon content on cracking time of mild steel in a
nitrate solution®. In sulfide solutions and for a given strength level, low alloy,
quenched and tempered steels are less susceptible to cracking than more highly alloyed
steels®. Additions of molybdenum, manganese, and nickel are reported to increase
susceptibility and chromium decreases it in sulfide solutions. Maraging steels are
less sensitive . “ydrogen embrittlement then the more conventional martensitic steels.

Minor elements affect the susceptibility of nigh strength aluminium alloys to stress
corrosion.

In scme systems such as Fe-Cr-Ni and Cu-Au, surface enrichment of the more noble
component can occur with attendant zffects on stress corrosion.

In the past it has been & common generalization that pure metals do not creck.
However, Pugh’ observed cracking in 99.999% copper in the presence of CU(NH,)}2
somplex lons.

Composivional variables also affect the entry and aiso diffusion of hydrogen in
carbon steels. dydrogen embrittlement 1s not a& factor in copper alloys and sluminum
alloys.

Envircnments are usually specific with regard to stress corrosion of alloys. 18-8
scainless steel is very susceptible to chloride-waters but annealed carbon foeel 1s not
susceptible in this environment. Exclusion of oxygen stops cracking in the former
combination.
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1 Under chloride concentrating conditiors 18-8 cracks in a few hours at applied
stresse< of & few thousaad 1b/in. 2 (Ref.8). Wetting and drying conditions in chloride
environments are aggressive to carbon steels and stainless steels, particularly the
latter, because of concentration of chlorides. Distilled water in some cases cracks
high strength steels fuster than 3% NaCl. Mattson® showed very rapid cracking of brass
in ammonia soluticns in a narrow pH range around 7.3 and relates this phenomenon to the
presence of a tarnish film. Pu#%’ demonstrated the specificity of the complex ion
Cu(NH3);2 for cracking of brass. Brasses do not crack in chloride waters.

Cracking of titanium alloys in non-aqueous liquids for example Ti6Ai4V by nitrogen
tetroxide or methanol, can be inhipited by addition »~f small amounts of water presumably
because the water forms a passive film.

Leckie!® showed that for a given stress-intensity ratio in 3% sodium chloride, sus-
ceptibility or immunity to stress corrosion was dependent on the method of ioading pre-
~racked specimens of alloy Ti-7Al2CbiTa. When the load was applied in air and then the
chloride solution added, the specimen did not crack. When the sane load was applied to
the specimen immersed in the solution, the specmmen failed within a few nminutes.
Apparently loading of the specimen in the solution cracks the protective film and rapid
initiation and propagation cf the cracks occurs. Preloading in air permits the oxide
film to heal itself. Leckie believes thz behaviour of the oxide film is most important
in titanium alloys with alloy compositicn and beat treatment of minor importance.

Adsorption of some constituent of the environm:mt on the metal could change the
surface energy situation and thereby result in easy tearing or corrosion of this
“weakened” surface.

The question of environmental specificity may eventually be found to apply less in
the case of cracking of the high strength alloys. Many of these alloys, notably the
high strength steels and certain high strength titanium allcys appear to crack by
essentially a hydrogen emprittiement process. In these csses, cracking will be favoured
by any envircnment-metal system which promotes the eatry of hydrogen into the metal.
Such systems would tend to promote:

%eakening of protective film

Enhancement of the catuodic reaction

Increased coverage of hydrogen on the surface of the metal
Higher solubility of hydrogen in the metal

Higher diffusivity of hyvdrogen in the metal.

Alloys and environments which reverse these trends would tend to reduce the cracking
teadency.

The important point tc emphasize here is that not all envircnmenis cause cracking
and not ail ailoys are susceptible to cracking in a given environment.

Tenstle stresses of sufficient magnitude to cause cracking are often present. They
may be stresses due to welding, thermal gradients, applied loads, or residusl stresses
due to heat treatmenv, coldworking, cutting, and grinding. Local microstructural
stresses are almost impossible to calculate. There may be threshold values of stress
for a given alloy environment combination but these must be used with caution. Applied
stresses are not of the greatest consequence in earth bound structures, but “safety”
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factors in design are wore critical for hydrospace and aerospace applications. In many
cases. a crack starts at the base of a pit®. These pits act as notches and stress
reisers. Saucer-shaped pits usually are not effective in this regard. Parenthetically,
the process responsible for a pit will also preduce hydrogen which could increase the
loral embrittlement. Another source of stress is the wedging action of solid corrosion
products within the crack. Pickering!® observed wedging stresses i1n 18-8 near its yield
peint and demonstrated crack propagation because of this stress. This sjituatisn would
not apply where the corrosjon products are soluble.

Aoplied stress and prior crack length are related in high strength steels. Tiis
effect is combined in fracture mechanics analysis which leads to the concept of the
stress intensity factor K . No cracking will occur in an inert environmeni unutil the
stress intensity factor exceeds a certain minimum value. When this value is exceeded
the crack proceeds at u catastrophic rate (fast fracture). This criticel stress
intensity is termed K,. . On the other hand cracking will start in a suitable
environment at an initial K; which is below K;, . When the crack reaches a sufficient
depth and K, reaches K;. . the crack proceeds catastrophically. As K; is lowered
progressively below K;. , the crack stons. The value of K, below which cracks stop
or do not progress in a cracking eavironment 1s termed K:scc . Developmen® of high
strength steels with higher values of KIC and, of course, higher values cf K;goc .
should be helpful. Figure 5 from Browm and Beachem!? shows the relationship between
Kn (initial velue of stress intensity) and time to fracture (TTF) for 4340 steel.
Below a value of about 53 cracking does not occur. Figure 6 from this same work with
slight wodificaticn shows that fast fracture vill not begin until K;c for non-
environmental cracking is reached.

Priest et al. were perhaps the first to utilize cracved specimens to study the pro-
pagation of stress corrosioa. Notches and machined slots proved unsuitable ) the
specimen was cracked and then the tip obse.ved as the crack progressed. Steigerwald'®
studied stress corrosion of specimens precracked by fatigue and also Brown‘®. The
latter used large specimens to obtain conditions of plane strain wherein the zone of
plastic deformation is contained in a zonz of elastic doformation. Steigerwald used
thinner specimens

Cold worked austenitic stainless steels resist greater stresses and longer TTF as
compared to annealed material

Strength level ~f high strength steels is the mcst impertant parameter for suscep-
tibility to stress ccrrosion. Phelps:® states that in chloride environments mcst steels
with yield strengths be!)w 180,000 1b/in. ° are resistant. Between 180,500 1b in. - and
210,000 1b/in. 2, resistance may be obtained depending on the specific steel and heat
treatment. At y:eid strengths over 210,G00 lb/in. ? steels hardened by neat treatment
are generally susceptible t¢ stress corrosion. 1In sulfide-coentaining or similar
environments yield strengths of about 115,000 lb/in. ? and highsr are generally
susceptible.

Hydrogen can enter metals and alloys in many ways. These inciude corrosicvi in
service, pickling, cathodic protection, electroplating, cathodic charging, snd dis-
sociation at high “‘emperatures. *“Pcisons” such as sulfur and selenium hasten the
process. Only “atomic” hydrogen can enter and diffuse--molecular hydrogen does not.
‘The stomic hydrogen must enter and diffuse to the crack tip area es shown in Figure

[
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Entrance and diffusion are affected by surface films, and alloy composition. Aluminum
and copper are pot subject to hydrogen embrittlement. A good example of an unusual
case is embrittiement of tantalum when it is iz contect with & corroding metal. In
this case the process is irreversible from the practical stanapoint. Figure 7 shows
the strong effect of hydrogen on fatigue strength of 4340 and also the difficulty in
compl~tely removing cathodically charged hydrogenZ®®.

Buyd and his associates!® at Battelle-Columbus postulate the formation of susceplible
crack paths in 13-8 stalnless steels because of the formation of hydrides cr hydrogen
enriched pheses.

Initiation and propagation are the two important steps in stress corrosicn. In the
so-called passive metals a fault in the passive film is often an initiatior site as
demonstrated by Leckiel® for titanium and many others for stainless steels and aluminum
ailoys. Staehle?® shows schematically in Figure 8 the damsge to a protective film by an
active slip step. Localized corrosion occurs at the emerging slip step. Continuous
emergence of slip steps is a dynamic process and could explain why severely deformed
metals (before exposure to a corrosive) do not exhibit sufficiertly high corrosion rates
to account for rapid penetration of cracks. Many have proposed active sites due to
emerging dislocetions and otaer dislocation-structiure interactions. In most cases, a
sharp pit forms and the crack initiates at the bottom of the pit.

Haynie and Bovd?’ propcse the following for the mechanism of the initiation of stress
corrosion in aluminum giloys:

“Strain-induced ahsorption of hvdrogen at mechanically weak grain boundary zones
reduces the euergy of activaticn tor .he corrosion of these zones. The hydroger is
produced at local cathodes and diffuses through the grains to the grain boundaries.
The slow rate of diffusion accounts for the “incubation period” associated with the
initistion of stress-corrosion cracks. This mechanism also explains why materials
susceptible to stress-corrosion cracking are rot necessarily susceptible to inter-
granular corrosion.”

The role of tensile stress in rupturing iilms om brass has been described by Forty?O.
The film forms and ruptures, the film re-forms at the base of the crack and again
ruptures -- the process is repeated until fa.lure of the specimen occurs. Examination
of the fracture surface shows steps and striations.

Stuehle!® and others have proposed the formation of surface layers enriched in the
more noble ccmponent of the alloy because of corrosion. A fault in this layer exposes
active substrate metal and rapid localized anodic attack results.

in the case of intergranular cracking, the grain boundary regions could be more
anndic, or less corrosion resistant because of precipitated phases, depleticn, enrich-
ment, or s&bsorprvion, thus providing a susceptible path or a “weakened” metal path.
Chloride ion cculd be adsorbed in the intergranular *“trenches' of sensitized 18-8
steels during fabracetion, pickling, and cleaning procedures. These sites then initiate
cracking when the equipment is later subjected to essentially chloride free water and
nigh temperatures during actual operation.

Figure 9 shows a panorumic view of possible critical processes which may infiuence
epvironmentally accelerated fracture®,
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Nielsen’ s?® excellent electron metallography shows tunnels that form in 18-8 steels.
These may be initiating sites for cracks. Recent work by Dean and Staehle?? shows that
these tunnels occur in several stainless steel compositions.

Bhutt and Phelps?? report on an extensive study of the effect of electrochemical
polarization on the stress corrosion behaviour of steels w..h high yieid strength. In
many instances ihese experiments demonstrate whether or not cracking is caused by an
active path or by nydrogen embrittleawent., Potential and pH ranges over which each
mechanism is operative are delinested.

The conjoint action of stress and corrosion required for crack prcpagation in &
magnesium alloy was demonstrated by Priest!®. The advencing crack was stopped when
impressed current cathodic protection was applied and started again when the current
was removed. The cycle is repetitive until catastrophic fracture occurs. The repeti-
tive starting and stopping ¢f the crack was filmed (movie) and projected at actual
speed of propagation.

Some investigators claim that stress only increases dissoluticn because of greater
anodicity at the Lip of the crack as shown in Figure 1. This may be due either to
the increase in local strain energy or to the rapid emergence of slip steps. The con-
tribution of the sirain energy per se is a doubtful factor because even at high stresses
there is a negligible effect on the elecirnde potential. The role of rapid slip step
emergence is probably the significant consideration. Such rapid emergence does not
make the crack more ancdic but rather continuous:y enodic. In this case the crack
would be an “elongated pit”. Pardue?‘, using audiomnplification showed that a periodic
mechanical step or jump occurred during crack propagation, In fact, *pings"” were heard
with the naked ear.

After a crack is initiated, local conditicns become quite favoursable for propagation.
Strain is released in the crack walls hut intensity is increased at the apex of the
crack. In addition, the wells may become cathcdic to the anodic tip. Changes in pH
in the crack couid also alter the corrosion picture.

“THEORIES”, "“MFCHANISMS', “OPERATING STEPS”

In view of the foregoing and other considerations, the following are presented for
consideration as possibilities (not in any particular order of preference or chronology):

1. Stress corrosion and Lydrogen embrittlement erc two separate and distinct mechanisus.
2. Same as 1 except they are intimately related.
3. Cracks propagate by alternate stages 5f pitting and necianical tearing

4. Cracks propagate only because of dissoluticn at the base of the crack.

o

Stress at the base of the notch ruptures a passive film or layer and the exposed
metal then dissolves at a rapid rate. If the tip repassivates, the process
repeats itself.

6. Metal at the base of a crack becomes more anodic as & consequence of plastic
deformation.




7. Hydrogen is absorbed during progress of local cathodic reactions. Hydrogen
diffuses to the stressed region at the tip of the crack. This reglon is both
anodic and hrittle. The crack nrogresses by a combination of anodic dissolution
and mechanical fracture,

8. Hydrogen plays a role in al! stress corrosion failures.
9. Tunneling results in stresses sufficiently high to iniviste fracture.

10, Metal is embrittled by oxidation or selective leeching. Cracks form in the
embrittled region and propagate short distances until they are stoppred by plastic
dissipation in the ductile regicn. The embrittlement reaction again operates and
the process repeats itself.

11. Cracks propagate because of the high stresses induced by the wedging action of
corrosion products.

12, Corrosicn only plays a roie in the initiation ¢f cracks. Prcpagatinn is strichly
mechanical.

13. In cracking systems, the critical chemical reactionz depend on the local potentials
at the elestrode surfaces. Uniess the metal-environment chemistry is of a proper
rombination, these potentals cannot be achieved and the requirsd reactions will
Lot occur,

14, Adsorption weakens “he metal by lowering tbe surface entry and it is easily torn or
more readily corrodead.

15. An enriched surface layer is anodic to the substrate and localized attack occurs
on the latter when a fault exists in the mor2 nmoble layer.

16. The integrity and chemistry of the oxide or surface film determines primarily
whether or not stress ocorrcsicn will occar.

17. Absorbed chlerides are primarily responsible for stress corrosioa.

18. A susceptible crack path must exist or stress corrosion will not occur.
19. Stress corrosion only occurs at temperatures above room temperature.
20. Diffusion of hydrogen is the rate-controlling step in stress corresion.

21, If the hydrogen results from a corrcsion reaction, the phenomenon is stress
corrosion. If hydrogen comes from another souilce, i.e, electroplating, it is
hydrogen embrittiement.

Flecidation of these points will doubtless be made by subsequent speaka2rs including
pros and cons.

No attempt has been made 1n this puper to present a complete bibliography. You are
referred to Hugh Logen's recent book?® for this aspect.

The names of many workers in the field of stress corrosion have been omiti.ed hecause
of iack of time and space. Refereaces 26 and 27 are vary informative for high s rength
creels and aluminum alloys. The Corrosion Information Center?® at The Chio State
University has most of the sigrificant publications oa scress corrosicn on ¥ile.
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An acceptable theoury or mechanism shruld explain all of the experimental observa-
tion - cr at least most of them!!
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Fig.1 Schematic differentiation of ancdic stress corrosion cracking and cathodically
sensitive hydrogen embrittlement
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Fig.2 Schematic illiustration shcwing the important modes of environmental cracking:
(a) intergranular, (b) transgranular and non-branching, (¢} transgranular
and branching
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Fig.7 Static fatigue curves for various hydrogen cuncentraticns obtained by baking
different times at 300°F. 4340 steel
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DISCUSSION ON PAPER BY M.G.FONTANA

The discussion was concerned with mechanisms of stress corrosion and specificity to
certain corrodents.

Professor L.Graf distinguished three types of material:
(i) homogeneous not supersaturated.
(11) supersaturated.

(1ii) materials containing impurities or small additions.
He thought that the mechanisms of SCC would be different in these three classes.

Work at the Max-Planck-Institut at Stuttgart had been in type (i) alloys. Although
an increase in concentration of the second alloying element had been found to increase
the reactivity of grain boundaries and the reactivity of regions in a state of flow,
neither effect was enough to cause SCC; if it were, then all non-supersaturated alloys
would be susceptible, which was not so.

It had been shown that SCC only took place if a potential difference was present
between crack root and walls, and this difference was great epcugh only 1f the walls
were cathodically polarised.

The nature of the cathodic layer rad been sought. In alluys containing noble metals
e.g. Ag-Au or Cu-Au, the layer consisted of a film of the noble metal ejther left behind
after selective solution of the baser metal, or selectively redeposited after dissolu-
tion of the total alloy. Thus any corrosive agent rnct forming complex compounds caused
SCC in these alloys. Commercial alloys not containing a noble metal constituent, row-
ever, suffered from SCC only if a csathodic layer of corrosica product or passive film
formed on the crack wall; susceptibility to SCC was, therefore. specific to those
corrodents in which a cathodic layer formed.

Brass was susceptible to SCC in ammonis solutions because the copper tetrammine
formed in the primary reaction decomposed to CuC which was depositcd on the crack walls
to giv2 a cathodic layer. T7ONi1-30Cu alluy did not suffer SCC in ammonia solutious
because, although copper dissolved, no precipitate formed, 1n the presence of HF, how-
ever, Cu20 was precipitated and tne slloyv was susceptible to SCC. It was not easy t»
predict whetner cathodic layers wonid form and 3CC occur in any particular corrodent.
If gold were added to commercial allouys, however, then a cathodic film ¢f gnld couia
form and the macerials would be certain to be susceptirle to SCC

¥r J.B.0otton spoke of specificity of ruterial aucd enyironment. 79 30 brass wes almost
as susceptible to small amounts of sulphur dicvide as to ammoria. Not only were
corrodents specific. but also rheir concentratfous. ¥Vany coacentratioans of ammonia
did not cause SCC uf brass, and a sulphur dioxide atmospiere cawsed 1t only «n the
concentration range C.01 to asout 2%. At greater concentrations overall attack occcared
and no SUC., Professer Graf commented that attack by sulphur dicxide gave copper
sulphate, and that both cop.rer culphate and copper pitrate gave rise to SCC in hrass,
the cathadic layer on the crock walls teing Cu_0.




Dr J.C.Scully described his work at lLeeds. He was trying to explain the interaction

of the metal substructure and the corrosive environment and showed diagrams cf a
formalised siip step atr the bottom of a crack. Susceptibility to SCC rdepended on the
rate of passivation of freshly exposed metai. As well as being reactive to a corrodent,
freshly exposed metal could absorb hydrogen readily; in titanium ailcys hydride plates
had heen detected.

Dr P.R.Swann acreed that *here was no unique correlation between slip mode and trans-
gratular cracking of single phase allcys because it was not possible to change slip
hehaviour without at the same time changing other variables, e.g. composition. Never-
theless he believed that slip mode did play a decisive part in SCC because transgranular
cracks appeared to nucleate wherc active slip steps broke protective surface films.

Other things being equal, it would be expected that ccarse slip (planar dislocation
wirays) would do more localised dumage to the surface filiz than fine slip (cell structure).

In Copscen’s data given in Figure 3 of Professor Fontana’ s paper, the decrease in
susceptibility to SCC as the nickel content (of iron -18% chromium) was reduced below
8% could hetter be represented by an almost discontinuous change corresponding to the
change from austenitr to martensite or ferrite, an effect oppcsite to change in sus-
ceptibility to hydrogen embrittlement. Austenite beume resistant to SCC when it was
transformed by refrigeration to martensite. Although the change in structure could
introduce other effects, e.g. in the mechanical behaviour of the metal and the coherency
of the protective film, the most obvious effect was the chasge in slip mode from coarse
slip in austenite to finc slip in martencite.
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LABCRATORY ASPECTS OF ALUMINIUNM ALLOYS

Dr Hildegard Cordier

1. INTRODUCTION

For aluminium alloys the phenomenon of stress corrosion crackiag is observed in
AlMg- and AlCuMg-alloys, and especially in the group of high strength age-hardening
alioys of the types AlZnMg and AlZuMgCu. Although these alloys have been kncwn in
Germa.y for more than 20 years and find extensive use as constructional meterials,
especially in sircraft, the true cause of the appearence of stress corrosion cracking
is still not yet explsined in detail. Work on the problem ot stress corrosion cracking
ie restricted essontially to the alloys of the group AlZnMg. This paper therefore
deals with the various opinions on the processes contributing to tlhe stress corrosion

crackisg of AlZoMg- and AlZn¥MgCu-alloys, and the consequent metallurgical means for
avoiding it.

As an introduction it seems appropriate to point out that with the high strength
AlCuMg alloys a form of corrosion damage occurs, the appearance c¢f which cannot be
distinguished from the stress corrosion cracking in AiZnMg elloys. The cbservetion that
with AlCuMg alloys ~ as against AlZnMg alloys - materiel aged at eievated temperatures
is less resistant then that aged in the cold gives rise to the opinion that snother
mecharism is involved For this sort of intercrystalline disorder, which perhaps should
be called *corrosion under stress”, probably predominantly chemical or electrockemical
processes are in action, while in the disorder described as ‘“stress corrosion cracking”
rkysical-metallurgical processes cleerly play a predominant pait.

2. (fESTING FOR STRESS CORROSION CRACKING
IN A LABORATORY

The actual sensitivity to si-ess corrosion cracking of e material can best be de-
termined by tests under a fixed load. This form of testing is only not permissible if
the specific sensitivity is to be determined, i.e. if, for example various alloys are to
be compared or a given alloy to be investigated in various stages of age-hardening. in
this case the test should he carried cut if possible on recrystallised metal, so that
a more favoursble structure ~ with respect to stress corrosion cracking -~ (cast or
extruded structure) does not simulste betrer resistance. Etching of the test piece
before tssting gives a unifore surface and reduces the scatter of resuits. By the
addition of 0.5%% sodium chromate to the corrosion solution (2% NaC!l) the overall corrosicn
is stopped so that after & long time no falsificaticn of the result is tc be feared
1£, however, general corrosion occuvrs, its coatribution can be determined by putting a
number ~2f test pieces 1n the corrosive medium without stressing thes and thex measuring
the decrease in mechanical atrength.
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The percentage proportion of the stress corrosion can be determined from the
relationship
strength loss by stress corrosion

F = x 100 (%)
strength loss by corrnsion without stress

due to R.W.Elkington in *‘Corrosion Testing Procedures” by F.A.Champion (1964).

On the basis of numerous tests it has been shown that the relatjonship between the
test stress and the life of the test piece is best represented by a linear dependence of
the test stress on the logarithm of the life.

The former test methods generzlly used, with constant defcrmation (loop test, fork
test pieces) e.g. in the investigation of a given alloy with various ageing stages, do
not give comparable results becanuse the magnitude of the test stress acting on the test
biece is in this case much dependent on the strength level of the material bring examined.
However, sith this test method definite service conditions can be simulated, so that it
is very important 2s a test for approximating to practical conditions.

A most simple and rapid, yet very decisive test, which can be used for the qualitative
deternination of sensitivity to stress corrosion cracking in the short transverse direc-
tion is the cut-edge method (Schnittkanten Method). Test pieces of arbitrery dimensions
are cut or stamped ourx. The internal stresses thus produced in the test piece cause
splitting or cracking of the test piece from the edges when stored in air, or accelerate
in corrosive solution. The cracks extend parallel to the surface of the sheet metal as
far into the material as the region deformed by the shearing action and its attendant
interral stresses (see Figure 1). Again, the test stress is here dependent on the
strength level; this must be taken into account in evaluating the results.

3. CONCEPTIONS AROUT THE MECHANISM OF STRESS
CORROSION CRACKING AND METALLURGICAL
MEASURES TO AvelD IT

From investigations by W.Gruhl?, it is esssumed that stress corrosion cracking proceeds
in three stages which are designated as the incubation period, crack formation period
and crack propagation period. During the incubation period the influence of the corro-
sive solution predominates and a chemical equilibrium is set up between the latter and
the metal surface. In this way the protective oxide and surface layers sre penetrated,
80 that the necessary contact between metal and solution takes place for initiating the
true stress corroslion cracking processes. The duration of this preparatory perjiod can
vary. It is dapendent on the thickness of the oxide layer. In the alloy AlMg5, for
example, an oxide layer rich in Mg0 is formed so that, especielly at high test stresses,
the existing seasitivity to stress corrosion cracking of these alloys may be temporarily
hidden. 1If, in laboratory tests, it is required to ascertain the specific sensitivity
o? the material, then stress corrosions tests in an apparatus under alternating or
cycling conditions, the salt-spray test or weathering tests, seem less appropriate,
because during the test stablz protective oxide layers are formed. These tests, however,
have their imporiance, if the resistance of the material is to be tested in the condj-
tions existing in practice. It is worth noting that with AiZnMg alloys the behaviour to
general corrcsion has clearly no influence on the resistance to stress corrosicn cracking.
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Test pieces, which on the addition of sodium sulphite or phosphate were strongly
corroded, even partially having inter-crystalline corinsgion, showed the same life as

test pieces in which the general corrosion was practically completely suppressed by the
addition of chromate.

For the crack formation process the simultaneous action of stress and corrcsion is
necessary. According to the work of A.J.Forty® crack formation can be imaginz:d such
that on the surface of the test piece agglomerations of vacancies are produced by the
selective disolving out of one component, which leads to crack nuclei. H.Nichuls,
¥.Rostocker®, F.N.Rhines, J.A.Alexander and F.Barclay® and W.Gruhl® assume, on the
contrary, that the effect of the corrosive medium at this stage depends on the reduction
of the surface energy necessary for crack formation, so that formation of micro-cracks
is facilitated. In any case it seems certain that the processes proceeding during the
second stage are appreciably influenced by the concentration of vacancies and arrange-
ments of dislocations in the material.

In the third stage crack propagation takes place. According to A.J.Forty, this

short process is determined exclusively by the stress and no corrosion action is
in.9lvea.

Investigations by W.Gruhl and H.Cordier’ have shown that, with the AlZnMg alloys,
there is a distinct influence of the temperature of age-hardening on the stress corrosion
behaviour. In Figure 2 the logarithm of the life is plotted as a function of the test
stress for various ageing treatments of an AlZnMg3 alloy. It can be seen that the stress-
life lines are displaced to fairly iong times with increasing ageircg temperatur.. It
can be concluded from this that the sensitivity to stress corrosion cracking is here
not produced by stable precipitation which vccurs at high ageing temperatuies, but
rather age-hardening states which are formed at low temperatures. Whether here it is a
question mainly of coherent or non-coherent precipitaticn cannot yet be stated. However,
that the reverting hardening zones arising at iow temperatures unfavourably affect the
stress corrosion cracking behaviour can also be proved from the fact that the life of
the test piece is raised to an increasing extent after several re-forming and re-
hardening stages. Figure 3 shows that the life of test pieces of AlZnMgl which were
aged, for example, at 90°C, increases to an extent related to the proportion of existing
cvold-hardening zones which are broken down.

A further possibility, known for some time, for improving the resistance to stress
corrosion cracking is tie sddition of stabilisers, e.g. Cr, V, Mn (Ref.8) to AlZnMg-
alloys. The effect of these elements rests clearly on the formation of nuclej, by which
the growth of more stable precipitates is facilitated®. It may be assumeé that the
favourable influence which is exercised by delayed cooling - quenching in hot water, or
step-guenching ~ on the stress corresicn cracking behavicur is also te be attributed to
the formation of stable precipitates.

This cecling process has the further advantage that the interaal stresses prezent
in the material are destroyed to an extent dependent on the reducticn of the rats of
cooling'®. According to investigations by T.®illiams’® on AlZnMsCu alioys :¢ has bees
shown that step-quenching in alloys conte:ning Cr leads to o marked loss of strength.
It is, of course, disputabls whether to imprevs the stress corrosion cracking resistance
it is more suitable to submit Cr-free aslloys to step-guenching or tc use Cr-containing
alloys which must be quenched quickly.
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In Germany Cu-free AlZnMg3 alloys are used only very exceptionally because, despite
special heat treatment precautions, there is some improvement but no overall guarantee
against stress corrosicn cracking is achieved. On the other hand with AlZnMg alloys
containing copper it is possible to suppress the sensitivity to stress corrosion cracking
by a special heat treatment. More than twenty years ago a method was patented by the
Metallgesellschaft in Frankfurt/Main, in which the favourable effect of a two-step
(duplex) age-hardening was described. However, this patent was apparently forgotten in
the turbulent conditions of the nineteen-forties Only in 1961 was two stage age~
hardening introduced in Germany for AlZnMgCu0.5, in which the material was first heated
at 100-120°C and then finslly at 160-180°C. With this process the hardening zones
produced at low temperatures, which obviously exerted an unfavourable influence on the
stress cracking corrosion behaviour, re-formed partially by treating at the higher
temperatures. The reduction in strength first occurring here is recovered by further
ageing at the higher temperature, in which more stable precipitation zones arise, so
that through this treatment a material can be produced which is completely resistant to
stress corrosion cracking without having to accept a strength loss. At the same time
in the two-stage hardening the internal stresses arising from the quenching are reduced
by 30 to 50% (Ref.12).

In America a similar two-stage ageing is carried out under the designation T 73 for
the AlZnMgCul.5. Because of the higher Cu content a rather small loss of strength
occurs » re-hardening of this alloy which, iowever, is accepted as the price for the
improved stress corrosion resistance. A.J.Jacobs!?, on the basis of electron microscope
examinations on the allcy 7075, confirmed that the states T 6 aad T 73 were differentiated
by a network of dislocations which is piled up in the vicinity of large precipitates of
M-phase (Manz)” in the T 6 heat treatment (see Figure 4). These MgZn, precipitates in
the T 73 state are at the grain bomdaries and inside the grain. They are dissolved out
by the corrosion attack. A.J.Jacobs now assumes that the dislocations near the dissolved-
out MgZn, precipitates lead toc crack nuclei, which then propagate under the influence of
the stress and cause cracking f the material at the grain boundaries.

At Cambridge University a theory was developed by Thomas and Nutting'“ on the occur-
rence of stress corrosion cracking in AlZnMg alloys. which has recently been further
extended by Nicholson and his colleagues!®. According to this the production of stress
corrosion cracking is connected with precipitation-free zones on the grain boundaries
(see Pigure 5). Figure 6 shows in outline how the crack formation can be represented.
Figure 6(a) shows the structure formation before maximum strength is reached. Relatively
few fine precipitation zones are present inside the grains and at the grain boundaries
are coarse non-coherent precipitates. Wwhen a losd is applied to the material, the
dislocations can therefore cross the grain boundaries without difficulty from cne grain
into another. 1In this temper the material 1s no¢ sensitive to stress corrosion cracking.

At the maximum strength (Fig.6(b)) with the maximum sensitivity to stress corrosion
cracking the precipitates within the grains are, on the other hand, very dernsely distri-
buted and the grain boundaries covered with cohering precipitate fringes, so that in
this case the disiccations cannot cross the grain boundaries Their movement is much
more limited to the precipitate-free zone. Under stress, flow and finally rupture of
the material should oceccur It is, however, not fully understancable that & priltle inter-
crystalline stress corrosion crack shosld arise in an inherently ductile precipitate-
free zone.
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With further artificial ageing in the region of overageing (Fig.6(c)) the preci-
pitates inside the grains and on the grain boundaries become large again and the dis-
locations can now move fieely in the meterial. In this state the alloy is not suscep-
tible to stress corrosion cracking.

0f course these conceptions of the mechanism of stress corrosion cracking do not
explair the observation that with AlZnMg alloys the maximum sensitivity is after ageing
at roor temperature (see Figure 1).

In AlZnMg alloys the ratio of zinc and magnesium for the same total of these two
alloying elements plays an important part in relation to the stress corrosion cracking
behaviour. Some investigations on various AlZnMg alioys have shown that resistance to
stress corrosion cracking increases with the Zn/Mg ratio. As can be seen from Figure 7,
N duplex ageing of an alloy of the AlZnMg3 type (recrystal.ised structure) with a Zn/Mg
. ratio of 1.6, increases the life more than threefold, yet this alloy is by no means
highly resistant. The stress life curve of an AlZnMg alloy with the same alloy content
but highe: Zn/Mg ratio (3.8) is, on the contrary, appreciably flatter and, with stresses
of the magnitude normally found irn practice, a0 rupture occurs. In alloys containing
Cu a similar influence of the Zn/Mg ratio was also vbserved®. In this respect the alloy
7075 i3 very satisfactorily formulated.

According to investigations by I.J.Polmear!® in Australia and W.Rosenkranz'? in
Germany, & further, obviously relatively costly, possibility for avoiding stress cor-
rosion cracking consists of the sddition of some 0.4% Ag to the AlZnoMg and AlZnKgCu
alloys. Here the silver addition has clearly an indirect effect. Alloys containing
silver, contrary to the case for Ag-free ones, can be directly aged at temperatures of
160-180°C, without loss of strength or need for two-stage ageing. The improved resis-
tance to stress corrosion cracking of the alloys containing silver obviously depends less
on the silver additicn itself ~ to improve electrochemical potential - than on the
forpnation of stable precipitates at the higher ageing temperature. Alloys containing
silver which are aged only at room temperature are, on the contrary, as sensitive as
silver-free alloys.

It is hoped that this introduction has shown that the real causes of the occurrence
of stress corrosion cracking in high strength aluminjum alloys are nct yet fully ex-
plained, but that especially in recent years, scveral possible ways have been indicated
for making thesa alloys sufficiently safe, by metallurgical means, so that they no longer
present any risk in practical applications.
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Fig.6 Schematic represecn
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SOME ENGINEFRING ASTECTS OF STRESS CORROSION CRACKING
IN RIGH STRENGTH ALUMINUJ ALLOYS

J.J.waller

1. INTROBUCTION

In this paper, I will attempt to present some of the problems, and their solutions,
whick confront the design engineer when he i3 cencerned with designing structural
parts made of high stiength ciuwinum alloys, in an effort to prevent stress corrosion
7a1lures [rom occurring in service. I will alsc describe some of the factors
associgted with the manufacturing and sssembly ogerations cf such parts - conditionms
which are beyoad the direct coatrol of the designer but which also can lead to service
failures. That is, manaracturing and assemply operaticn abuses are very often the
cause of stress corrosion fallures in service. Frequently, too. what scmetimes appear
tc be manufacturiug and assepbly operation deficiences, are really the result of
enginecering persnnnel not furnishing the pecessary detailed instructiors of procedure
to shop personnel. Procedures, in the foram of notes on drawings and in process
specifications, are either or beth, inadequate or toc vague for the shop staff to
nderstend shat is required t~ produce a stress corrcaion resistant part or assembly.

Since aluminur alloys, in the die-ferged form, are most prore to stress corrosiocn
crackiag. 1 will rofer to forgings prisariiy throughout this psper, but the same setl
of circumstances will apply also to extrus-ons, plate, anc tro shest which is not
protectsd oy a coating of pure or slightly dalloyed sluminum.

Using the normai sequence of evenis, froe the basic conception of a forging design
unt1l the completed unit is assembled o a major sirframe component, the problems end
decisicns tc e considered will be discussed in pore or less the order in which they
arise.

2. DESIGN

2.1 Selection of Material, Strexs Corrosion Progerties

The designer usually wiil make & basi> drawinz isyout of the finished part required,
2ncompassing the geometric and structural aspects necessary for the function of the
part. He will then :ansider how the part can be made from & forging using his own
knowledge and experience, that ¢f the materials engineer and freguently that of a
forging supplier. The stress engineer, of -ourse, also come; into procedurs ut this
time and he will requesv. generally, the use of an ulloy which has the ' ghest
mechanical properties available. Since such high streagth alloys usua .y have the
lowest resistance io stress corr on cracking., the materials engineer and stress
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engineer -~ after much discussion - will arrive at a compromise decision, to use an
alloy having the best mechaunical and stress corrosion resistant properties.

At this stage, the stress and design engineers nave what may be considered to be
the easiest task, since the mechanical properties of the alloy selected are usually
defined very precisely in a materisl specification. However, the materials engineer
is not so fortunate in making a decision, as there are many sources of informatiocn
for the stress corrosion resistance properties of aluminum alloys. Some of these
sources do not give precise information, others contain information which is based ou
methods of testing which can be disputed or which cannot be correlated evea indirecily
to o2rvice conditions; still others contain information which would l2a7 one to con-
clude that this property of aluminum slloys varies almc . from laboratory to lsboratosry.
Each laberatory will generally uce its own conception of what the corrosicon nedius wnd
exposure cvcle should be. The configuration of the test specimen and the methcd of
stressing are two cther variables that are involved in the evaluation it seens that
each laboratory evaluating alloys for stress corrosion resiatance has it3 own method
of how this evaluation should be made. The materials engineer has to Jecide which
method should be used in selecting the proper alloy for the applicetion being cuasidered.

In our case, we place a great deal of emphasis on the results of such researches,
published by the laboratorjes of one of thk= large aluminum alloy producers in the
United States. Their work is considered to be done in a very compreheansive ganner aad
bty personncl who have gained a reputation of great respect in the field of sorrosion.
Since they work very closely with the airframe designers and various government agencies
wno operate aircraft in severely corrosive envircmments, their research progranss are
generally related to service conditions, and the results of their research work
influence the formulstion ¢f alloys.

Where doubt exizts, however, or where - :° operating conditiors are neculiar, we
sometimes make our own imhorstory checis iy relaticn to the particular desigr we are
producing. Even so, as laboratory sethods of evaluation cannot be truly correlated
with service conditions, the laboratlory test results are used only to compare che
alloy with another, i.e, they are used on a razlative, and not on an absolute, basis.

%2 then select an elloy with as high & strass corrusjion resistance as possible,
consistent with mechanical preperties which will rot give us a severe weight peneiltiy.
Since all high strength aluminum asiloys have & stress corrosion weakpess in varying
degrees, certain precautionary measures have to be taken during design, menuracture
&ad assembly to compensate for this weakness, as described below. One exception to
the ststemsnt just made is the recently developed over-aged temper, which gives the
siloy an almost complete immupity tu strees corrosion failure. Unfortunately, its
me-henizal properties are somewhat lower than those of alloys in the conventionaily
aged tempers and stres< and weights engineers are reluctant to use this materisal.

2.2 Detail Design

"hen we reuch the stage of detail design of the part, every possible step is taken
to minimize residual or sustained stresses and to prevent, as far as possibie, any
corroding medium fr @ reaching the metal. W%ith regard to sustained or residual
stresses, we hold .he common beilef that intermittent service tenside stresses do not
contribute Lo stress corrosion failures, and that only continuous stresses are
responsible for failures.
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o illusirate how to keep continuvous tensile streases to an absolutc minimim and
how to prevent as far as possible the corrediig medium frcm reaching tbe metai, let
us ussume¢ that we have a past to be mechined from a forging to he made of a high
strength aluminrum alloy. This is to be a large nart, having & maximwus cross sectionm,
in the forging, of about 5 inches in diameter, thet the finisked part has to hrve a
large blind hole incorporated during machining, aad that a numher of copper alloy
bushings have to be press-fitted into certein areas of the machined forgiug. Als=o,
the finished part «ill have a relatively thin flange by which the part is attached
to the assembly, by means of both rivets and btolts. I wouid now like te run threugh
the various operaticas that are carried out Quring the deta:l Aesign, manufacture and
assembly for the type of part being considered - zgain, in an <ffort to minidize
sustained and residual stresses which can exist in the compieted part after asseably,
and to afford the bhest protection against corrosion.

2.3 Grain Flow

Pirstly. with hiz own kpowledge of forging fabrication and with the assistance of
gpe=inlist personnel in the ficld, the designer arranges the layout of the fcrging
with the directian of grein flow being parallel to, or as near parailel to as possible,
the direcrion of principal design stress. Sometimes he has the opportunity tc specify
the grain rlow dirzction around such areas of the forging as bosses, which will be best
for stTess corrosior, resistance where busnings and the like may be press-fitted into
pusifion. Also, he rakes every effort to avoid the oc~urrence of end grain exposure
in the surface of the finished machined nart, though tnis is often difficuic

2.4 Inserts

Mext, we come to areas in iie forging vhere copper alloy bushinps are to be pr:ss-
fitted into place. Speciel care is taken to select the magnitude of interferenc--lit
so that the sustained stresses developed by press-fitting do not exceed the threshold
stresres for resistance to stress corrosion cracking of the allcy to be used The
dimensional tolerances of the housing for the bushing, and the outside diameter of the
pushing itself, have te be very -arefully selected. Unforturately and frequently, the
surtained siresses waich are developed from press-fitting operatiors arc not amenabie
to accurate calculation by siress analysis . 2thods - so that often wide assurnticns
must be made. There 1s a growing tendency to lizuit the magnitude of the interference-
fit to cne chousundth of an inchk and to instail the bushing with an anerobic resin to
hold 1t firmly in place. This zaximum interrerence-fit of one-thousand:t of an inch,
inducos g permarent stress of about 7000 lb/in?n which is generally below the threshold
stress for zailure.

After the finat dimensions of the firished par:t have been decided. a arawing is
prepared of the part ir rough machined form. To make the optimum usc of tne residual
cozpressive streasses which are induced during the heat treating operati r .t i
general practice, particularly in the case of large forgings, * rousn-zach:.c tpe
forging s> that all material possible 1s mechined away before “b»+~ neat treat.u.,
cperation takes piace. This rough-mschiring 1s carried ou' to aliow an wersize
condition ot 1/8 in. on all surfaces =oxcepv perhaps w*ere severe diatortion fror heaf
treating 1s expected. These particular areas .. .oft a» t 1 §1n over:.ize




The part is now completely designed and, zxcept for other details which are bsyond
the scope of this paper, the drawings for the forging and the finished part are 1eady
for release to menufacture the part.

The first step is to order the forging, and in the case of the example we have talen
to describe, the forging design has already been discussed with the produce:. The
forging 3s ordered to ve supplied in the ““zs fabricated” tegmper.

3. MANUFACTURE

3.1 Inspection and Rough-¥achining

¥hern the forgings are received in the plant, they are subjected to the usual
inspection and non-destructive testing operations. One forging is then <ectioned in
the appropriate areas, to determine whether the requirements for direction of grain
flow as definod by the drawing huve been tulfilled. 1If th: forgings are found to be
satisfactory at this stage. they are then rough-machined to the dimemsions prescribed
by the drawing.

3.2 Heat Treatment

The n2xt step is 0 solution heat treat and to age tha rough-machined parts. This
becomes a critical operation, particulsrly because of the btlind hole in the part
previously described. Solutior heat treating temperatures and procedures ere well
established for all the alloys. However, in many cases, guenching techniques are not.
To minimize the development ot adverse residual stresses and related distortion, and
the tendency to crack that can result from the guenching operation, forgings are
quenched in water at elevated temperature. Ussally., all alloys are quenched at the
same temperst.re. However, scre ailoys have individually best-tesperstures - u
situation which is frequentiy ignored by heat treating metallurgists. In anyv case,
the elevated quenching temperature should be rontrolled within & comparatively narrow
temperature range throughout the quenching cycle. This range iz usually t 10°P.

In our example, the main prcblem is properly to quench the metal in the blind hole
which has been incorporated into the fitting. Normel immersion quenching procedures
will cause steam pockets to develop in the hole and this will lead tc low mechanical
properties of the metal in that ares. 7To overcome this problem, the regular quenching
procedure is supplemented by insercing a pipe cr nozzle intc the hele so that, whean
the forelag is immersed into the wrier, warer at elevated tewperature and under
pressure is forced through this nozzie simultaneousiy #ith the immersion of the fore-
going Irt~-mal quenching, gquenching fixtures, racking positions and the use of vent
tubes, are all extremely important considerations in winimizing or avoiding the
develoupment ot residual tensile quenching stresses. Unfortunately, esch different
configuratiou of part requires a separste investigation for one cor ail of these
factoyrs which are associated with proper quenching Cenerslly, the technigue to be
used can pe =<ed on a history of experience thet ane has had «ith parts of 3 similar
configureting  Preguently, the whole procedure has tc be completely developed on a
por- or less trial and error basis when the part has a shape unususl to the heat
treater' s exyjorience
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At this stage, we 3P uld have umitey oith 3 ainimumw f residusl tens..e stresges -
the surface areas, resulting from nest treating

lie forgings are then machined to fiuishel % dimersionns

3.3 Introduction of Compressive Stresses

We are now ready to carcy ovt what is considered tn be another gne of the ®ust
importanut steps in the prevention of siuress corrosion crac¥ing anc< this 12 i¢ irduce,
in 2)1 surfaces of the part, ) residusl or susteined rompres<ive stress This 15
sccomplished by a shot-peening operaticg  The compiete surfsce, internai and external,
is peened except for the walls of holes ahice are less than 2.4 in 0 diameter
Holes smsller than tiis are surface rolled or are treated by mewns of a taper-stepped
mandrel. Surfsce rolling is pzoduced hy introducing a hardened steel, smooth bal:
into the hele and forcing it under pressure against ths walls of the hc_e, wnile being

rotated. The diameter of the ball, of course, i.: someshal smaller than the diameter
of the hole.
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shot-peening will induce permanent compressive stresses of sbou® 35.000 lb/in?®
when the process is cwrried out properly The depth of these stresses will be about
threze to seven thousapdthks of an inch  However, =42 desths can very considerahly.
depending uron ih. shot-peening technigue which 15 used.

After the zhot-peening hes beer cumpleted, ithe remcvel uf the cou.tamination of the
surface of the part by the peening shot is caTried wuil. The pesned part is 1mmersed
in a solution of acout 25% aitric ecid for arme 23 m.rutes. After rinsing, the sur-
face is carefiilly checkod by means of a potassium ferro(ysnide 3olution to ensure that
all ateel contamination hes been removed The remcval < f this contaminat:cn 1s
obviously vary important.

3.4 Protection

The next etage in the manufacturing seguence is the applicaticn of the chemical
corrosion protection finizh For stress corresion purpo-es, one of the best tinish
processes kncwn today, if it is not the best, is tne sulphiri. acid srodizing process
tc be followed by sealing in a soluticn of sodiaum dichromate. This finish 1s appli=d
to the completely machined forging.

¥ollowing ¢his, the copper ailoy hushiugs are press-fitted into piace Firstlv,
the outside diameter of the hushing i cadm.um plated to aiaimizZe galvanic ection
between the copper alloy and the aluminuw rlleoy ~ even though the la’ler bis baoen
spodized and sealed.

The sutside of the bushings are nert thoroughiy costed with undilut:zd ziac chromate
prizer and press-fitting is then a-compl-shed  The primer ales provides g galvanice
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insulating medium but, more importantly, creates a seal against tihe ingress of
moisture between the mating surfaces. Further sealing can be provided by having a
bevel machined at each end of the bushirg so that the primer forms a bead st each of
these ends.  Again, the importance of avoiding excessive interferencc-fits of these
bushings cannot be over-emphasized. Throughout the years, we have encountered many
service failures caused by stress corrosion which resulted from toc high an inter-
ference-fit between bushing and hole. Sometimes this high interference-fit was
created by poorly dimensioned drawings. Generally, it has been due to holes being
zade %25 small or bushings made too large in diameter - dimensions which were beyond
those permitted by the drawing.

Some companies use a superior method of installing bushings, by means of a heatv
and ch1il metncd. The sluminum is heated to a temperature of about 250°F., while the
bushing is cooled to about -~30° or -40°F. When bushings are installed by this method,
thers i{s & lesger tendency to scrape off any cadmiur plate from the bushing and a
greate~ tendescy to insure a more complete coat of zinc chromate primer to exist
between the hushing and the housing.

We now apply the priger anc paint finish system to the part. Oae of the best
systeas consists of & wask-etch primer followed by a coat of epoxy-polyamide primer.
If the part is a ss~called exterior part, where it is exposed directly to the outside
ervirongment and alsc where abrasion resistance becomes a consideration, then one or
two top coats of epoxy paint are applied. The two primers mentioned are of the non-
leaching type and there is a tendency now for the industry to revert to leaching type
primers Recently, an epoxy primer of the leaching type has been developed and it is
beircg considered for use without a wash-etch primer under it. As for epoxy top coat
materinls, these produce excellent impermeable coatings which are hard and abrasion
resistant. This type of paint makes an excellent finish for stress corrosion resistancs
rarposes but, unfortunately, sfter it has aged for some period of time, it becomes
viirugilv impossibtle to remove hy using strippers of the type which will not harm
aluminum alloys. There is a growing tendency to use polyurethane or acrylic-
nitroceliulose paints in such appiicaiiors.

3 3 Asseably

We row have a part ready for assemblv tn one of the major compouents of the airframe.
Let us assume that this part, in our example, is an undercarriage attachment fitting
and that the lowds it transmits are tasken into the wing spar web. The fitting is
placed 1n position against the spare web to determinc whether its relatively thin, flat
attachment flanges make good conuact with the spar web. If the fit-up is poor, then
the instailation bolts and rivets will induce hizh assembly tensile stresses in the
part. If poor fit-up is obtained, then shims should be used to close up any gaps
before tae bolts and rivets are installed. Installatiun or scseably stresses, in our
experience, are frequent.y the cause fnr siress corrosion failures. The bolts and
rivets are next installed. Bolts are cereZully torqusd to aveid the introduction of
high clazping stresses -- enother source c¢f troub’e, Prior to the instwllatiun of the
rivets, the holes into which they are justalled srz coat.d with undilated primer.

Bolts are treated in the same manner vtless they are to oe cornsidered &s removsble
durag service  In lhis cur~, the holes sve zi~¢ chromare prived {1 the ronventional
Janpner and the priser ailowe. to 4oy beflors installstion is made
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We now have an assembly which contains minimum sustained or residual tensile
stresses and is well protected against corrosion and so, with these two factors
under control, stress corrosion failures are not expected. In our experience, when
failures do develop in service they are generally dne to one or more of the afore-
mentioned stages in processing not being carried out at all or not being carried out
proverly.

4. FORMING O0X SHEET AND EXTRUSIONS

Before closing, I would like to meke a brief remark about permanent tensile stresses
which are induced d -ing forzinz nf parts made from sheet, extrusions and tubing.
So ofven, parts are formed from the:e materials without proper regard being paid to
th. inenrporsion _f such adverse stresses Thess can result in stress corrosion
failures developing in servi~e  Parts which are to be severely formed should be so
forrm ' with these materials in the annealed or in the as-quenched condition. Where
this procedure becomes imjpractical, and the forming has to be carried out with the
alloy in the fully-age? temper, then this formiug should be carried out while the
material 1s at an elevated temperature of about 300“F. This temperature, when used
for a limited time, will not reduce the mechanical properties c¢f the finished part
and wiil go a long way toward avoiding service failures. The definition of what is
severe forming, under these circumstances, becomes a thorny matter and most companies
have this resolved, provided, of course, that the drawings or the related process
specifications quantitatively define severe forming and that production personnel
follow the specified procedures.

As for the expense associated with all these processing details., what I have
described will be considered by some to be costly - but when the cost of service
failures is assessed, the expense of the original processing being done in the proper
mant not important.
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DISCUSSION ON PAPER BY H.CORDIER AND PAPER 3BY J.J. WALLER

(1) General considerations

Mrs S.Ketcham pointed out that certain alloys and tempers in the AlZnMgCu 7075 and
7079 series, and in AlCuMg 2024 series suffered intergranular attack only when stressed;
many of the failed components exam:ned in her laboratory had clearly failed by SCC
although the metal showed no susceptibility to intergranular attack in & standard
unstressed laboratory test. FExperiments on AlCuMg alloy quenched at different rates
and then aged at room temperature showed intergranular attack only with applied stress
if the quenching rate had been fast (200°C/sec and less) but showed such sttack even
in the absence of stress st siower quenching rates (70°C/sec and less). In the former
case, no active path existed until stress was appiied. An electrochemical effect due
to stress must be postulated to explain initiation of the crack and embrittlement at
the root cf the crack., The mechanism of these effects was not known and further work
was needed.

Mr A.Cibula said that work on AlZnMg alloys at the British Non-Ferrous Metals Research
Association supported the idea that suceptibility to SOC was associated with siress
concentrations at aefects, the defects being those introduced into the metal during
casting and processing. Susceptibility to SCC was highly divectional, but not all the
directionality could be attributed to grain shape. A material with good resistance in
the short transverse direction could have a ratic of lives-to-tailure in the longi-
tudinal: short transverse directions of 10%:1, but in e material of poor short
transverse properties, the ratio could be 10% or 10% 1. If recrystallisation was
allowed by omission of Cr or Mn, resistance to SCC fell, but not to the short transverse
level. Resistance in the short transverse direct’on varied from batch to batch of metal.
Some of this variation could be attributed to inherent notches due to porosity in the
metal which had survived working. Experiments in which the freezing ‘ate of the
original caest metal was varied by severul magnitudes had shown that freezing rate
affected residual porosity and, after forging, the transverse ductility and resistance
to transverse SCC, the latter over s range of 60:1. If shrinkage porosity or gas
porasity were int->duced deliberately, the resistance to short transverse SCC was
rediuced. Annesling helpcd to reduce porosity effects. So residual porosity as well

as grain structure was important.

In relation to this patt of Mr Cibula's comments, Wr Goldberg asked whether there
was a non-destructive test method which could detect hamuful microporosity® Mr Cibula
eplied, no, the micropores were too small to be detected by present methods. One could
only adopt casting and processing procedures designad to eliminate microporosity.
Mr Waller suggested that the metal shouid be vacuum melted!

Mr Cibula went on to say that consideratinns of microporosity did not throw light on
the metallurgical causes of SCC. Although the depletion of solute at grain boundaries
was associated wich resistance to SCC, any correlatinsn in detail was difficult. In the
four AlZnMg alloys: high Cu, Cr. high Cu, Mn. low Cu, Cx, and low Cu, Mn, reduction of
rate of quench from solution heat treatment recduced the strength and increased the
width of the depleted zone at the grain boundaries. The effect on resistance tu SCC,
however, varied; the high Cu, Cr alicy Just resistance but the remaining three alloys
showed little change. Thus large variations in resistance tc SCC did not always
correlate with variations ir microstructure




Dr E.A.Fell thought that stress corrosion tests should be made not at uniform loads
but at uniform proportions of the tensile strengths. It was also unjustified to carry
out tests on recrystallised material; as much benefit could be obtained from optimum
macro grain structure as from opti.: heat treatment. He thought the impertance of
pure electrochemical effects had beez exaggerated. It had been shown that the nature
of the precipitate at grain boundaries depended on the orientation between grains; on
high angle boundaries, which predominate in equiaxed structures, the precipitate
particles vere aumerous and cmall and nearly formed a continuous film, vhereas on low
angle boundaries, which predcminate in fibrous structures, the particles were few, large,
and widely spaced. These observations would suggest that fibrous structuves snould be
more sensitive ‘o SCC than equiaxed, whereas the opposite was true, It was concluded
that SCC properties ~.uld not be explained purely in terms cf electrochemical effects.

3 Mr J.Boraston remarked that Dr Cordier’s plots of applied stress against log time-to-
failure were nct of a standard shape, so no prediction of lives was possible. He then
presented an analysis of stress corrosion life data which gave a straight line when
stress was plotted againsi the reciprocal of the square root of the time. Straight
lines had been obtained from cutdoor tests on AlZnMg specimens stressed at from 90%
down to 10% of the 0.1% PS, the duraiion to failure at 10% being ten years, and from
many other test data including brasses, martensitic and austenitic stainless steels.
Some tests ¢n painted srecimens had given a curve, but if a constant induction time
helieved to repzesent the time to breakdown of the paint, were substracted {rom the
total time to failure, then again a straight line was obtair:d. Plots of Hawkes'’
results on AlZoMg alloy (J. Inst. Metals August 1964) were shown. Results from
specimens containing low internal stresses gave a straight line passing through the
origin; those with surface compressive stresses of 6 to § tons/in® gave a straight line
cutting the stress axis at plus 6 tons/in’, those with surface compressive stresses
gave a simjilar straight Jine also cutting the stress axis at plus 6 tons/in’, not on
the negative side as might have been expected.

Mr Boraston put forward this principie with some diffidence. If valid, it would allow
a celculation of the long lives at low stre--2s from quick tests at high stresses.

(ii) Behaviour of particula: alloys in relation to heat treatment

Madzme Vialatte did not agree with Dr Cordier’s distinction between the behaviour of
AlZuMg and AlCuMg alloys. Both classes of alloy, and also the AlCuM! <ype, could be
.ade resistant to SCC by overageing. Mme Vialatte quoted some results cn AU4Gl

(2024 type), short transverse specimens stressed at 80% of the 0.2% PS under inter-
mittent immersion in 3.5% sodium chloride sciution buffered at pHB8. Specimens aged

at room temperature broke in six days, those aged for sixteen hours at 170°C broke ‘n
ten hours, and those overaged for twenty hours at 190°C did not break in thirty days.
Overageing caused a loss in mechanical properties oi 2 to 5% from the max:mun obtainable.
Br Jordier said she had besed her conclusions on the finding that artificlal ageing
improved the resistance cf AlZnMg alloys to SCC, but reduced that cf AlCuMg alloys,

but admitted that her programme of work had not been large. Mr Waller, however, warned
Mme Vialatte about comparing AlZoMg and AlCuMg soleiy on chemical composition. Metal-
lurgical form was also important. When both types were conventionslly aged, forged
AlZnMg showed greater resistaace to SCC than forged AICuMg, but in sheet form the
AlCude was superior.
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Mr W.M. Imrie could not agrce with Dr Cordier’ s statement that AlZnMg0.5 Cu alley could
be made completely resistant to SCC without loss of mechanical properties by step-
ageing at 110°C and then 170°C. He had found improvement, but not complete insensi-
tivity, and a lowering of mechanical properties by 15% the same loss as was caused by
the T73 temper on the 1.5Cu alloys. He favoured the chromium-free alloy ouenched in
boiling water to give low internal stresses, followed by siep ageing, twelve hours at
130°C, then sixteen hours at 150°C which gave high resistance to SCC and very little
loss of mechanical properties. The second ageing treatment cculd be given, on return
from service, to parts originaily given cnly the single ageing.

1uble A-I listed the mechanical and SCU properties of transverse test pieces cut
from aircraft forgings and aged by the standard single procedure (SA) and by doulle
ageing (DA). The thickness of the forgings at the heat treatment stage was two to
three inches. The specimens were tested outdoors at 90% of the 0.1% procf stress.
The results showed an increase in life from the double ageing of at least seven times.
A similar improvement had been shown jn accelerated laboratory tests.

TABLE A-1

Transverse Samples Extracted from Landing Gear Forgings

E R A | ATWOSPHERIC STRESS CORROSION
TEST | AGE % LIFE (DAYS)
Kgp/mn? | tons/in’| Kgp/mm? | tons/in?| ~
1. | SA{ 46.2 29.3 51.6 32.8 16.0 11
DA 45.1 28.7 49.5 31.3 | 5.9 104
2. | sa | 48.5 30.8 52.5 33.3 |1.0 12
pA | 6.3 29. 4 49.8 31,7 14.0 117
3. | sA| 46.6 29.6 49.2 31.2 - 13, 28
DA | 45.9 29,1 49.5 31.3 - 136U, 136U, 136U
4. § sA | 41.0 29.9 52. 4 32.2 | 4.5 15, 16, 16
pa | 45.1 29.2 51.1 32.4 | 4.5 108U, 108U, 108U
SA = SINGLE AGED ~ 12 HR AT 130°C
DA = DOUSLF AGED - AS ABOVE + 16 HR AT 150°C
L SPECIMENS STRESSED AT 9u% OF G. 1% PS

Mr Imrie went on to defend the chromium-free alloy. He had yet to see any evidence
that chromium was beneficial in large Forgings. In tnin wslled components, the low
internel stresses resulting from the boiling water quench which could be given to the
chromium-free allav outweighed other considerations. Mr Waller, referring presumably
to components made before recent advances in quenching and ageing techniques. said

that Canadian experience had been tnat the 7075 chromium bearing alloy had much greater
resistance to SCC than the British DID 683 chromium-free alloy. Mr Imrie remained
adamant. He referred to a new American alloy X7080 claimed *o be quenchable in boiling
water to give low internal stresses, with high resistance to ~CC. This was being




achieved, spparently. ly .eplacing chromium by manganese. If this were true, we were
back to the DID 642 which had been in use in the UK since twenty five years!

Mr W.K.Boyd said {7080 was a proprietary alloy about which no details had yet been
released.

Professor %.Gruhl said that Dr Cordier’'s statements applied at AlZaNg alloy containing
0.8 to 1.0% Cu. Step ageing was only effective on the 7075 type of alloy; it was
largely ineffective on low zinc, high magnesium, low copper nlloy. He had five years
experience with hydraulic tubes with no failures. He believed chromium was necessary
and feared to omit it. Although chromium-free alloys could be cooled slowly, he wmas
not sure of their resistance to SCC.

¥Mr Imrie spoke finally of the silver bearing alloys. Although their resistance to SCC
#as high, they were sensitive tu the temperature of the water quench, and best mechanical
properties could be obtained only by quenching in cold water; this ied to high internal
strecsec.

%r G.B.Evans doubted whether the mechanisr of SCC in AlZnMg and AlCuMg alloys was
different. In his own work on cast xaterials, he had found the rczistance of both
Al-10% Mg and Al-4% Cu allcys to SCC to be much grester in **e naturally aged condi-
tion compared witt the artificially aged. There were jractical! differences between
forged AlZnig and AlCwlg alloys; AlCuMg alioys =zre not used for such intricate parts,
and had a much lower rate ¢f crack propageiion, so crazks could be detected in time
during servicing.

(1ii) Selection, mzaufacture

Nr G.8.¥aas doubted Mr Waller's statment that in s selection of materials the stress
an? iesign engiueers Lave the easiest task, because mechanical properties were defined
precisely in specificaticns. He thought choice was often governed by properties not
quoted in specifications. Mr Waller said his paper had not, of course, covered mechani-
cal properties or resistaace to corrosion fatigue, which also influernced the choice of
muterial.

M1 Evans supported the sort of precautions so clearly described by Mr ®aller. Ooncerning
rough machining, however, he left dimensions only 1716 in. (1.6 mm) oversize, one half

of that left by Mr Waller; any distortion after heat treatment was corrected by shot
peening. He did not believe that a nitric acid dip was effective in removing iron con-
tamination after peening; he alwavs blasted with aluminia. Wr Waller adhered to 1/8 in.
(3.2 me) oversize machining as necessary to allow for distortion; one could not always
shot peen back to shape. He granted a tendency nowadays to use glass bead peening
inostead of nitric ecid. ife thought aluminia was too sharp, but Mr Evans said that 1t
had beeax showmn tc have no deleterious effect.

Wrs S.Kctcham questioned Mr Waller's claim that chromate sealed sulphuric acic¢ anodising
was the dest protective treatment. In some stress corrosion tests ir the short trans-
verse direction she had found that this treatment delayed initiation but accelerated
propsgetion. Mr Evans always used chromic acid anodising for good protection and
detection of grain flow. He saw no difference in protective value between sealed sul-
phuric anodising and chromic anodising against either corrosion or stress corrosion.

WMr Waller continued his support of sulphuric acid anodising. The anodic film was three
times as thick as that from chromic acid anodising, it absorbed dichromate sealant much
better, and the protection given was at least as good.
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On paints, Mr Evans believed in the value of leachable chromate primers; for top
coats, polyurethanes gave no bet .er protection than epoxys but had excellent gloss
retention and resistauce to tluids. Nr Waller thought epoxy top coats best, folloved
ny polyurethases and acrylics, all being better than nitrocellulnse.

(iv) Behaviovsr in servicz

Nr Evans pointed out teat materials shich showed similar resistunce to SCC in the
latoratory sometimes behaved guite differently in scivice. Laboratcry werk on SCC was
usually conducted at high stresses whiciu gave relatively short lives to failure, tut
au aeroplane might have a 1ife of fiftcen years. Wiat was needed was not an extension
of life under high stresses froa s few duys toc a few weekz but a raising of the thres-
hold stress below which SCC would never occur.

Squadron Leader R.Vernon put the user’s case witn some force. Two case histories were
shown. In the first, an undsmsged component, similar to one in enother aircraft which
bad fajiled by SCC, was cut in preparation for destructive eyamination; the two halves
sprang apart and sideways. In the second, a small crack in a cumponent removed from
an aircraft propagated several feet in a week while the couponent was standing on the
hengar floor. FBoth examples test:fied tc the high leel of internul stresses in the
coaponents. It was generally agreed, he said, that SCC of saluminium alloy forgings
wis caused by internsi stresses rsther tnan by arplied loads. While udot denying the
value of laboratory work, he wanted a convenieat non-destructive test for internsl
stresses which could be used as & final inspection which would prevent potentially
dangerous components being installed in an aircraft at all.
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SUMMARY

The engineering aspects of stress corrosion failures in stecls a.e
discussed with particular emphasis on the delerea failures which occur
in high-strength steels (yield strengths above 200,000 1b/in?) exposed
to water-containing environments., Considering a variety of laboratory
methods for evaluating stress corrosion behavier in high-strength
materials, the use of pre-cracked specimens represents the gost effec-
tive test technique. The presence of the pre-crack decreases the
failure time and provides optimum sensitivity and reproducibility. 1In
additicn, liinear elastic fracture mechanics methods can be applied to
analyze the failure data and provide a quantitative indicaticn of
expected failure characteristics in actual components. In a given ciass
of steels, the susceptihility to stress corrosion as measured by time
to fajilure, can be correlated with the basic fracture toughness of the
material. This results from the fact that the stress corrosion crack
has to grow & longer distance in & tougher steel before fracture uccurs.

In high-strengtn steels, environments suck as dry hydrogen or inert
gases containing water vapor can produce delayed failure. The rate of
crack growth under these conditions is directly proportional to the
appiied stress intensity parameter. Shot-peening and coatings have
beea used to alleviate the tendency for stress corrosion cracking, how-
eve: these methods can produce inconsistent results and must be thoroughly
evaluated for each engineering application.
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ENGINEERING ASPECTS OF STRESS CORROSION FAILURE
IN MARTENSITIC STEELS

- E.A, Steigerwald

1. INTRODUCTION

Although the ability cf an environment to degrade the load-carrying capacity of
paterials has long been recognized, the optimue methods for evaluatirng this phenomenon,
the application of the results to design situations. and the definition of the mech-
anisas which produce it, still remain as important wuaterial problems. Until recently,
the majority of effort in the study of environmentally-induced crack initiation and
propagation in ferrous metals has been centered on the stainless steels where com-
binations ¢f corrosive solutions and stress produce a very significant decrease in
the service life of components. Witn the current application to aerosnace structures
of high-strength steels which can be extremely susceptiible to brittle crack propagaticn,
the importance of environmental effects to service performance has become significant.

Environmentaliy-induced, stress corrosion fractures' are often difficult to quanti-
tatively evaluate from & design and mecharism standpoint since all the complexities
present in fracture are superimposed on the stress corrosion behavior. Within the
past five years, considerable improvements have occurred in the methods of designing
against brittle fracture hy the application of linear elastic fracture mechanics
concepts. This approach provides ccnsiderable insight into the effects which geo-
metrical variables contribute to the failure process and allow¥s & more rigorous inter-
pretation of the environmental effects. Since the stress corrosion process is unique
to a specitic materiai-environment couple no one m¢chanism {s probably applicable to
al]l cases. A compilation of some of the enviroaments which are known to produce stress
corrosion cracking in non-s.ainless steels is presented in Table I. In most cases the
stress ccrrosion phenomenon occurs in systems where general corrosion js very slignt.
In fact in cases where extensive general corrosion does exist, the rate of stress
corrocion cracking is onften decreased since the general corrosion process serves to
blunt the crack tip.

The purpose of this presentation {5 to summarize the engine«ring aspects of stress
corrosicn failure in steels which are not the stauinless grade. The primary emphasis
will be placed on the delayed failures which occur in the martensitic type of high-
strength steels (vield strengths above 200,000 1b. in.°) in environments containing water
or water vapor. ihese systems are particularly susceptible to catastroptic faillures
due to brittle ~rack propagation and represent an importunt ciass of eng'neerirg pro-
blems in which environmental effects are extremely critical.

* In this paper the term stress corrosjon wiil be used to genericaliy describe faflures that
cccur as a result of the combined effects cf stress and a specific envirorment. The use of
the term does not necessarily imply that an snodicslly-inducad, electromechaniral p-uress 'S
involved.
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2. CHARACTERISTIC SFRYICE FAILURES

Catastrcphic stress corrosion failures in martensitic steels have been reported
for landing gear components®, hydrzulic accumulators?, and solid-fuel rocket chambers?.
In addition, stress corrosion failures ia lower strengtn steels exposed to caustic
en-ironments have peen cbserved and studied for che past twenty years® 5. In this
sresentation the stress corrusion failure of a sclia-fusl rocket motor case described
by Shank ¢t ul., will bLe used as an example of a typica, Service Zajlure which ie
~haracteristic of the pattern in high-strength steels. Thc vessel which was 6 ft long,
40 in. 1n digmeter, with a nominal wall thickness c¢f 0.(70 in., was made of H-ll. high-
strength steel quenched and tempered to a tensile strength “evel of 270, 000 1b/1n. 2.
The vessel design involved the use of flow-turned cylirdrical segments which were joined
by welding prior to heat treatment. Tbe ciosures and attachment skirts were contoured
so thzt no unusual bending stresses wire transmitied to the vessel during pressure
testing. Following manufacture, the vessel was placed in the test rig and hydro-
statically pressurized with water at 79°%. Thae test sequence illustrated in Figure 1
indicates that the vessel eventually failed at a stress of 185,000 1b/in.? which was
significantly below both the design stress end th¢ 216, 000 15/in.? stress attained oa
the previous ¢ycle. An examination of the fracture origin (see Figure 2) indlcated
that the failure had originated on the inside diameter from a stress corrosior crack.
A serie, ~f additionel tests conducted uvn smaller vessels indicated that failure could
occur cver a range of stress after varying times at the particular stresz ievel tnd the
origin of failure could always be acsociated with environmental effects. In ons test
the inside dismeter was coated before pressurizing, water was placed on the cutside and
the failure origin was shifted from the iuside tc the outer surfaces. In cases where
oil was used as the vressurizinz medium, no sustained load failures were observed after
435 minutes at 275,000 1b,in. 2.

Laboratory tests conducted on pre-cracked specimens, shown in Figure 3, indicate
tine severity of the stress corrosi.u problem in high-strength steels. Delayed failures
can occur in reletively short times at applied stress levels that are less than helf
of the load-carrying capability in an inert environment. From an engineering viewncint,
the requirement exists for understending the variables which control the stress corro-
sion failures in structural steels so that reiiabie compcnents can be produced.

3. LABORATORY METHODS FOR FYALLATING
STRESS CORROSION

A varietv of laboratory methcds have been used to determine whether specific materials
are susceptible to stress cortosion failure and there is little doubt that these techni-
ques can qualitatively define the relative environmental effects. The questicn arises
however, as to what degree laboratory tests can be used to quantitatively determine the
actual stress levels and times where delayed environmental failures will occcur in actual
components.

There are several articles which summarize the methods used for stress corrosion
testing’r & >. The laboratorv technigues for applying the stress in the stress corro-
sion tests fall into two grougs - constant strain and constant load. The constant
strain is generally developed in . bent beam type system. The apparatus used in this

* The compositions of all the steels referred to in this presentation are givern in Appendix A.
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method is simple, and exploratory experiments can be carried out in multipi> with a
minimum of difficulty. In the constant strain test, as crack’ng proceeds, the stress
is automatically relieved; while in the constant load method, the stress increases as
the crack develops and the dnmage rate accelerates. A U-bend, constant strair, type
specimen which is also used for stress carrosion studies generally presents a more
severe test than the bent beam which is stressed to just below the yield point. The
superposition of elastic siress on the plastic strair used in the U-bend specimen
usually produces sn acceleration of the failure time.

Although the .onstant load test is somewhat more difficult to perform than the con-
stunt strain test, it has particcelar advanteges since the stress is accurately kpown
and the test end pcint (in terxs of failure time) .s well defined and occurs in a
shorter period of time than in the constant struin methods.

In all stress corrosion tests, an appreciable srati.r ¢f results between “idertical”
specimens occurs. Althouagh the average life is ;¢ ~erally recorded, problems exist in
using this paramcter when specimens remain unbroken at the end of the i1est period.

More recentiy, the use of the median failure time has been adopted.

Typical data obtained from U-bend and bent beam type tests on high-strength steels
exposed to aqueous environments are shown in Tables II and iII. Although these test
methods are relatively simple to conduct, they suffer from two severe limitations.
First, they cannot be used to quantitatively predict service performance, hence they
can only be considered as screening tests to define whetker one material is superior
to another or a particular environment is more degrading. The second limitation deals
with the sequence of events leading t¢ stress corrosion failure. In general, this
sequence involves the following three steps:

(a) The surface of the metal slowly becomes pitted by non-uniform ccrrosion,

(b) The pit develops into a crack which continues to propagate slcwly on a macro-
scopic basis,

(c) When the crack attains u critical length with respect to the applied stress,
the remaining ligament -ptures by purely mechanical fracture.

In cases wrere smooth spec. ¢ns are used to evaluete stress corrosion behavior, the
major portion of the fe.iure time involves the formation of the defect which leads to
the initiation of the crack. In actual components where complex manufacturing pro-
cesses are involved, the actual crack initiating defects are often present so ttat the
laboratory tests conducted on relatively small specimens with controlled surfacec pie-
paration can give misleadingly conservative results of stress corrosion ltehavior. The
drawbacks inherent in the smooth spccimen tests can be eliminated Ly conducting the
evalustion on pre-ziracked specimens.

The philosophy of using pre-creszked specimens for evaluating material reliability
has recently received considzrable attention and resulted i{n many publications in the
area of fracture mechanics based on linear elastic theory'‘. The l.near elastic
fracture mechanics approach presents a sysiem of analysis which allows 2 correlation
between the many methods of fracture testing and provides & quantitative associaticn
between the meessured values of fracture tcugihness obtained in laboratory tests with
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the performance of components in service, In practice, this method of fracture analysis
assumes:

(a) that cracks are lnherently present in a component
(b) that a crack is a flat intszmal free surfuce in u iinear elastic st:iess field

(c) that the propagation of the crack is predictabie from laboratory tests in ters
of the magnitude of the tensile stress surrounding the leading edwze of the crack
where the separation process occurs.

From stress snalysis, the magnitude of the stress elevation surrounding the crack at
the instant of failure can be defined in teras of a material constant K, , which is
termed the fracture tcughness. Once this material constant is Jetermined, it can ¢n
principle be used to predict failure in other systems, provided adequate stress analyses
cre available. If fracture toughness can characterize failure i:n'er tenmsile loading,
then 1t also has the possibility of serving a3 a useful psrameter for stress corrosion
failures since stress elevation at the crack tip is a definitive condition for crack
propagation in this type of failure mode.

The determination of frr.cture toughness &s a material evaluation parameter fas many
advantages, since it eliminates the infiuence of specimen width and crack size in the
eveluation model and provides some measuie of the strength characteristics of full-size
components. The propagation of a crack, however, in sheet material generally consists
of a normal and shear mode. The shear mode which occurs &t the free surface, repre-
sents 8 high energy component of crack growth; while the normal, plane strain mode
shich is present at the specimen center provides a low energy contribution. As the
specimen thickness is progressively increased, the contribution of the shear lips be-
comes a lower percentage of the total energy for crack propagation. As a result, the
fracture toughness (Kc) which is rela.ed to the .nergy necessary for crack propagation
decreases as the specimen thickness ixnc-cn.2s8. At large thicknesses, the fracture
toughness approaches a constant va.dJe which represents the plane strain fracture tough-
ness (Kxc)- In additicn, the initiation of slow crack growth in thin-walled components
is also governed by the KIc parameter, because the crack first develops as a tongue
in the region where plane strain conditions are operative!? 13,

Fracture toughness is generally obtained from one of five basic test methods:
(8) Tensile test on s pre-cracked sheet specimen.

(by “ersile test on a circumferentially pre-cracked round specimen.

(¢) Tensile test with a surface-cracked sheet or plate specimen.

(d) Tensile test on a sirgle-edge-notch pre-cracked specimen.

(e) Bend test using a pre-cracked specimen.
A summary of the formulae used to compute fracture toughness is given in Table IV.

In practice, the fracture toughness value (K) i3 determined from a relatively simple
laboratory test and then used tc determine the frecture stress in a component provided
the appropriate stress analyses and defect size is known for the component situation’".
An example of the method of using fracture toughness for preceding design performance
is given in Aprendix B.
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An analysis of events which occur in environmentally-induced failures indicates
the possible advantage of enploying pre-cracked specimens and fracture mechanics
analysis. In a smonth -per-imen, exposure of the metal to a corrosive environment can
lead to a pit which .2.ults in the initiation of a crack and t“¢ continued growth of
the creck under an appli<d stress until total fracture cccurc. The advantages of test-
ing with pre-cracied specimens hsve been described by Browm ',

1. The time required to initiate environmentally-induced cracking is longer than the
time for failure by crack propagation by a factor of about 10° This means that
the majority of time in a stress-corrosion test is spent for the initial develop-
ment of the siress-raiser and an overwhelming bias toward crack iritiation is given
in the time-to-rupture parameter. In addition, the formation of a jit is often a
statistically-conirolled event which results in excessive scatter. The use of a
pre-crack reduces the scatter and simplifies the analysis of a mechanism.

2. A given combination of environment and alloy may not produce pitting and may there-
fore indicate immunity in a test of a smooth specimen. If a stress-raiser is pre-
sent, however, e.vironmentally-induced failure may occur. The delayed fajlures due
to water which occur only in pre-cracked titanium specimens are an example of this
phenomenon.

The presence of the pre-crack introduces the sharpest possible stress-raiser, hence
from an analysis standpoint it results in conservative predictions.

?)

4. The pre-crack provides a stress-raiser which is amenable * ~eatment by the linear
elastic fracture mechanics equations.

The use of fracture mechanics to analyze stress corrosion .ehavior was first intro-
duced in studies involving high-strength steel sheet specimens®. The presence of an
aqueous environment on a pre-cracked specimen tended to promote slow crack growth;
however, total specimen failure did not occur until crack growth was sufficient to
develop the cricticel value of th stress intensity factor (Kc). This impiies that the
influence of the environment was present only at the crack tip and the basic toughness
of the material was not effected.

In the case of delayed failure on pre-cracked high-strength steel specimens exposed
to either distilled water or a 3% NaCl solution, it is believed that characteristic
stress intensity parameter KISCC cen ke defined below which delayed failure is not
observed. Typical delayed failure curves are shown in Figure 4 for the three specimen
types illustrated in Figure &#. The use of the pre-cracked specimens along with the
appropriate fracture mechanics equation indicates that the minimum KXSCC value deter-
mined in the laboratory tests on various specimen configuratiors is essentially
constant!®., On this basis the parameter shculd be applicable for predicting stresses
below which environmentally-induced failure will nct ozcur in components where the
meximum defect size is known.

Th sequence of events leading tc specimen feilure in s pre-cracked sample is shcwn
in Figure 6 as a period of environmentally-induced slow growth which is distinguished
by fracture appearance from the catastrophjc cracking which terminates the test. The
degree of slow crack growth that a steel can tolerate prior to total fracture is inti-
mately connected with tne basic fracture toughness of the material. For example, in
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a8 steel tested above its trensition temperature, the stress corrosiop crack must grow
a relatively long distance; while at a ¢ unparable value of applied stress, a steel
tested below its transition temperaturc w»cuid fracture in a very shovt time. The

tough steel may actually have a stress corrosion rate which is considerably greater
than the brittlie steel, but the timo to failure would mask this effect and indicate
that the brittle steel is more susceptible. The significant point is that a relativeiy
brittlie steel may produce a lower time to fracture in a corrosive environment, not
hecause it is more susceptible to the environmentaliy-induced cracking procrss, but
because it is mechanically less tolerant to a given crack length.

In a given class of materials which have comparable stress corrosion susceptibility,
the total failure time should therzfore be related to the basic fracture toughness of
the matarial. A general correlation of this type is shown in Figure 7, where the
fracture toughness is expressed in terms of the ratio of the notched tensile streangth
in 8ir to the unnotched tensile strength in sirl!€,

It should pe emphasized that e correlation hetweer fracture toughness and time to
failure in a stress corrcsive envivonment may not always be present!’. Since the
failure process in a smooth specimen is composed ¢f pitting, slow crack growth, and
uvltimate failure, the correlation should onlv exist in a given class of steels where
the tendency for pitting and rate of envircnaentally-iaduced slow crack growth are
spproximuately constani. An example would oe a given steel tempered to different
strength levels or a class of steels. such as the low alloy martensitic, where only
relatively small varictions in chemistry occur., Under these conditions the correla-
tion between fracture toughness and time to failure is a natural consequence of the
fact that the crack must grow longer distances before total failure takes place. In
pre-cracked specizens where the time to form a pit is not a major factor, the correla-
tion is even more cbvious.

Sufficiint data are available on certain high-strengtn steels like 4340 so that a
comparison bL.:tween the bent boam specimen without s pre-crack, and pre-cracked tenaile
specimen is nossible Table V lists thi2 comparative fajlure times for these two speci-
men types exposed to a distilled water environment. The results indicate that the
pre-cracked specimen produces less scatter and considerably lower failure times. In
principle, the pre-cracked specimen forces the stress corrosion process to orcur, at
a localized area at the crack tip, and therefore substantially reduces the scatter
cgused by the probability e{ferts involved with initiating a crack over a relatively
large specimen surface area.

Although the specific selection of a test method often depends on the particular
appltcation conditions, the use c¢f pre-cracked specimens has the advantages of in-
creased sensitivity, .mproved reprodusibility and the possibility of guantitatively
piedicting design perronnance from the laboratory determined fracture toughness
parameters.

4. EFFSUT OF ENVIRONRENT
in the case of high-strength steels, agueous environments with and withou: chlo-ide

aanditions have received the greatest degrec of attention. 1In pre-cracked sheet speci-
nens, thr nse of a 3N NaC{ soluticn produced rfailure times comparable to Cistilled
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water (see Figure 8); however, tests on plate material tested as pre-cracked beams
indicated that the distilled water environment was more aggressive than the chloride
solutions (Fig.9) (Ref.18) Similar results were obtained on conventional sheet beam
specimens tested without a pre-crack. Although aqueous, saline, halogen and csustic
environments are the most aggressive from the standpoint of promoting stress corrosion
in steels, seemingly innocuous atmospheres such as alcohols can cause environmentally-
induced failures in susceptible steels, such as 3004 (Ref.6). Failure times produced
by several liquid atmospheres on 300M steel pre-cracked specimens are sumrarized in
Table VI. A broad correlation has been observed between the solubility of water in
the particular environment and its ability to promote corrosion cracking'®, which
suggests that water or a constituent formed by the metal -water corrosion is actually
the critical specie in each case.

In addition to liquid environments, gaseous atmospheres have the ability to produce
severe stress corrosion effects. Figure 10 indicates that mcist argon produces delayed
failure in high-strength steel in the same time as a distilled water environment}®,

The crack growth curves showm in Figure i1 illustrate that dew points as low as -7°F
(less than 1 grain of water per cubic foot of air) are capable of producing stress
corrosion of 4340 steel heat treated to a 280 ksi‘ tensile stren,th level. The most
comprehensive study of the effect of a gaseous enviroument on the stress corrosion

of high-strength steels has been performed by Johnson snd his co-workers?® 2%, 1In
these studies dry hydrogen at one atmosphere pressure produced failure i1n pre-cracked
tensile specimens of H-11 steel in times that were substantially less than those pro-
duced in a distilled water environment (see Figure 12). The results indicate the
strong effect thist hydrogen has on the crack propagation process. In fact, the addition
of oxygen or water vepor to the dry hydrogen resulted in an increase in the failure
time. Using crack growth behavior shown in Figure 13 as an indicator, the rate of
environmental -crack extension was decreased when oxygen was added to a humidified
nitrogen environment until a sufficieat oxygen content was reached where stress corro-
sion cracking in the humidified nitrogen environment was eliminated. The removal of
tha oxygen and the re-application of tlhe humidified nitrogen resulted in a continuation
of the cracking phenomenor.. Humidified argon produced behavior comparable to humidified
nitrogen. Crack growth rates decreased when oxygen was added, presumably as a rcsult
of the formation cf a protective oxide film and increased with increasing humidity
until a value of approximately 60% (Fig.14). At this point it is believed that the
water condenses at the crack tip so that further increases in uwum‘dity result in no
sdditional increase in crack growth rate. The cracs growth rate has been found to be
a linear function of the stress field parameter (K) (see Figure i5) for pre-cracked
specimens of H-11 steel exposed to moist sir. A knowledge of the relationship between
crack growth rate and stress field parameter has been used to fomulate a method for
predicting the failure time in simple specimen configurations?<.

In liquid environments, increased temperatures lead to an increase in the stress
corrosion susceptibility. The crack growth rate in high-strength steel is shown as
a function of water temperature in Figures 16 and 17. An activation energy of approxi-
mately 9000 cal /mole was observed for the failure process. If the atmosphere is liquid
or if the gaseous atmosphere is saturated with water vapor, the crack growth rate
varies exponentially with temperature; however, jf the relative humidity is low and
the absolute humidity constant, the crack growth rate is relatively insensitive to
temperature?!.

* kips/in.? = 1000 1b/fn.?%.
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In certain engineering comporents, notches rather than pre-cracks may be exposed
to the environment. Under these conditions, the environmentally-induced failure time
i{s increased. As shown in Figure 18, the degree of increase in the failure time is
comparable to the increase in the notch tensile strength as measured in air. The
results irdicate that crack-like defects in the surface of a component can lead to
severe stress corrosjon susceptibiiity and the primary contribution to the failure
time consists of the time required to nucleate the crack.

3. EFFECT 0F STEEL TYPE

The relative susceptibility of various high-strengrh steels to stress corrosion
failure, as measured by bent beam specimens, is summarized in Figures 19 and 20. The
same degree of suscentibility is present in tests conducted on pre-cracked specimens;
however, the failure time is substantially less. Since fracture toughness generally
decreases as yield strength increases and stress corrosion susceptibility, as measured
by time to failure, is dependent for a given class of steels on fracture toughness,
the general correlation between yield strength ana failure time shown in Figure 20
should be expected. Counsidering that the tests used comparable environments, stresses,
and specimens, it is significant to note that Figure 19 which represents data obtained
in alternate immersion-drying tests, indicates failure times considerably less than
those shown in Figure 20 where constant exposure was empioyed. The high nickel high-
strength steels such as the HP 9-4 and 12% maraging steels are relatively resistent
to stress corrosion failures. Figure 21 shows comparative data fcr the HP-9-4-45 and
4340 steels at a comparable yield strength level. The 9% nickel steel has considerably
greater resistance to stress corrosion crackiag however, the decreased stress range
over which the stress corrosion failure occurs can be qual'itatively relaled to the
increased fracture toughness of the high nickel steels.

The relatively large number of tests that have beer conducted on the stress corrosion
susceptibility of steels has resulted in one significant conclusion. In tle selectior
of high-strength steels for engineering applications, the materials with the greatest
tracture toughness produce the greatest resistance to stress corrosion cracking and
the greatest degree of overall reliability. Aside from this cornclusion, which is re-
lated to mechanical behavior, no definite results relating alloy composition and stress
corrosion are consistently evident.

6. METHODS FOR MINIMIZING STRESS CORROSION

In cases where stress corrosion exists, .the effects can be minimized by introducing
compressive residual stresses in the structure, by coating, or by polarization. Shot
peening has been used ~ffectively as a method of introducing surface-residual com-
pressive stresses and thereby decreasing the effective tensile stress which is available
to promote stress currosion cracking®®. MNethods of this type have been used on ianding
gears to decrease stress cor:c ion susceptibility.

A wide variety of cuatings have been evaluated in bent beam tests conducted in a
sea exposurezs. The types of coatings evaluated are listed in Table VII while test
results are summarized in Table VITI. Aluminum applied after austenitizing prevented
cracking in the steels evaluated. In sddition, only one stressed specimen of eight,

.
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coated with nickei-cadmium electroplute, falled in 263 days. Scme of the coatings,
such as the aluminum applied before austenitizing and the aluminum-pigmented silicone
coating applied after austenitizing, were effective on seme of the specimens. The
results, however, were not consistent and relatively short term failures were also
obtained with these coatings.

The electrode potential of uncoated steels was compared to the potential of the
same steels in the coated conaition to detemmine whether sany correlation existed between
the electrode potential of the coating and its ability to prevent stress corrosfon,
Ar aerated 3% NaCl solution was used as an electrolyte and all measurements were made
with reference to a saturated calomel electrode. The coatings that were anodic to the
bare steels were effective in preventing stress corrosion (zinc-dust dibutyl t{tanate
primer, aprayed aluminum, and nickel cadmium electroplate) while those coatings that
were cathodic provided no satisfactory protection.

In a second study involving 3% NaC!l solutions and¢ bent beam tests on k-11 and 18%
nickel maraging steel, evaluatiuns were conducted using three coatings-polyurethane,
.norganic zinc, and inhibited epoxy'°. Tie polyurethane represents & system where the
coating merely acts as a dense barrier between base metal and environment, the in-
orgenic zinc serves to prov.de cathodic protection for the base metal, while the in-
hibited epoxy coating protects the metal by both inhibitory action of the chroate
compounds and the barrier effect.

Representative results cbteined from these tests are shown in Table IX. In room
temperature exposure, all the coatings showed some protective qualities with the in-
hibited epoxy system representing the most effective . .rier and the inorganic zinc
being the least effective. The same coatings were also tested at 140°F in air saturated
with water. Once again the inhibited epoxy was the best protective system, while the
inorganic zinc provide no protection whatsoever. There are also some indications that
the provective qualitiec nf the enatings may varv devending on the environment. Although
certain coatings certainly show promise as oreventative measures against stress corro-
sion, the reliability and overall effectiveness must be evaluated for each engineering
situation.

Although cathodic protection is an effective method of reducing stress corrosion in
stainless steel alloys, the method is not directly applicable to high-strength steels.
Typical behavicr obtained from polarizetion studies in environments ¢f distilled water
and 2% NaCl solution are shown in Figurec 22 and 23 respectively. Using pre-cracked
300M high-strength steel specimens in distilled water, the failure times were sub-
stantially decressed by making the specimen cathodic. This effect results from a
hydrogen embrittlement mechanism. In the .ase of bent beam specimens tested in the
chloride enviroament, some cathodic proti.'ion was observed, however, the range was
extremely narrow before the hydrogen eabrittlement mechanisw became operative. The
vse of cathedic protection i1s generaily not considered as a practical method o. re-
ducing stress corrosion effects in high-strength steels.

7. CONCLUSIONS

High-strength steels are extremely susceptible tc delayed failure in a variety of
commonly encountered service environments. Yn engineering applications where strength-
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to-weight ratios must be high, the tclerance of the materisl for stress corrosion
induced cracks is low and this mode of failure rspresents a particularly critical
design consideration.

From a laboratory eveluation standpoint smocth specimens, such as bent beam or
U-bend provide a relative indication of stress corrosion susceptibility. Pre-crack
specimens, however, have definite advantages since they can be used along with linear
elastic fracture mechanics analysis, to provide a quantitative indicetion of the sus-
ceptibility of components with a known defect size. In additior, from a screening
standpoint, the pre-cracked specimens prcduce failure in shorter times than the smooth
specimens and provide results with a greater reproducibility.

Stress corrosion failures can be produced in high-strength cteeis exposed to dis-
tilled water environments at loads as low as one-half the normel strength in times of
the order of hours. The addition of chlorides to the distilled water environment does
not increase the stress corrosion susceptibility of the high-strength steels. Dry
hydrogen and gaseous environments containing water vapor are also capable of producing
stress corrosion effects in high-strength steels. In fact hydrogen has been found to
promote crack propagetion in high-strength steel at a faster rate than distilled water.
In selecting materials for design purposes, the steels with the higher fracture tough-
ness generally result in a greater resistance to stress corrosion fajlure. The 9%
nickel gquench and temper steels and the 18% nickel maraging steels have been found to
possess the greatest resistance to stress corrosion in aqueous eavironments.

Although shct-peening and the appiication of coatings have minimized stress corrcsion
cracking, the results are often inconsistent and these possible solutions must be
evaluated for each engineering application.
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Environments that Produce Stress Corrosion
Cracking in Carbon and Alloy Steels

Type of

Medium Fracture® Comments

Aquecus chloride solutions i, T Particularly prevalent in high-
strength stzels.

Caustics I Well known as caustic embrittlement.

Nitrates I Examples exist of failures of bridge
ceble in ammonium nitrate or sodium
nitrate environments.

HNO, 1

HON T

Sea coast and industriai High-strength steels (yield strength

atmosphere above 200 ksi) are particularly
susceptible.

Water, humid gas, dry High-strength steels (yield strength

hydrogen above 200 ksi) are particularly
susceptible.

Molten zinc 1

H.S I, T

stoy-HN03 I

1,80, b

¢ I - Indicates intergranular fracture; T - Indicates transgranular fracture.
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TABLE I1I

Bent-Besm Stress-Corrosion Test Data, 3% Sodium Chloride Solution®

(Ref.10)
dllo Ylgl%%;;:egtth No. of Tim: to Total Testing
4 Y 1o/iu 2’5 103 Speclmens Fatilure (dtrys) Time (u',ws)
Ladish D6AC 198.0 3 NP1 21
i 223.0 3 NF 21
. 235.0 3 NP 23
! 252.0 3 NF 2i
Type 300M 196.0 3 NF z1
213.¢C 3 NF 21
233.0 3 NP 21
H-11 194.0 3 NF 21
212.0 3 NE 21
238.¢ 1 6.9 -
238.0 1 10.¢ -
239.0 i 10.1
242.0 1 1.2
242.9 1 1.7
242.0 1 6.7 -
¢ Stretsed »t 75% of the yiela strength.
t No faiiure.
TABLE 111

U-Bend Stress-Corrosion Test Data,

3% Sodium Chloride Solution

(Ref.10).
' 1 “ield Strength
; teld Strengt
Yo. of Time to Total Test
f ¢
Alloy 1b0/'x? 20}1" sleot_s Specmens Fatvlure (days) Time (days)
Ladish D6AC 198.0 2 NP T
223.0 2 NF 27
235.0 2 NF 27
252.0 1 18.5 -
Type 300M 196.0 2 NF 27
213.0 1 NF 27
213.0 1 11.3 -
233.0 1 11.3 -
233.0 1 26.3 -
H-11 194.0 2 NF 27
212.0 1 NF 27
212.0 1 13.7 -
240.0 1 4.3 -
240.0 1 6.8 -

1

* No fatlure.
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TABLE V
Comparison of Stress Corrosior Test Duration Using Bent Beam

Specimen Without a Pre-Crack and Pre-Cracked Tensife Specimens,
4340 Steel, Distilled Water Environment

’ .
Specimen Type Yaterral Yield Strength|Apnlied Stress| Fatlure Time
=P P (ksi) (kst) (hours)
Bent beam 220 178 1000
Bent beam 220 176 No failure in 4500
Bent beem 225 180 No failure in 2000
|
Bent beanm 240 192 700
Center pre-cracked tensile 213 40 0.17
,Center pre-cracked tensile 213 40 0.13
Center pre-cracked tensile 208 40 0.08
Center i1re-cracked tensile 185 60 82
TABLE VI

influence of various Crack Environments on the Failure
Time of 300M “-eel, Pre-Cracked Specimens Loaded
tc 83% of the .otched Tensile Strength in Air

Environment Fatlure Time (min.)

Recording ink
Distilled water

Amy! aicohol

Butyl alcchol

Butyl acetate
Acetone

Lubricating oil
Carbon tetrachloride
Benzene

Alr

0.5
6.5
35.8
28.0
18.0
120
150
No failure in 1280
2247
No failure in 6000
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TABLE VII
Coatings Tested
(Pef. 25)
Measured
Avei cge
Coating Description Thickness
(in.)
Ni-Cd electroplate Specification AMS 2416; electreoplated Ni 0.0005
0.002 to 0.0004 in., fullowed Ly electro-
plated Cd 0.0001 to 0.06002 in., followed by
diffusion at 630°F for 1 hr.
Electroless Ni Coated to 0.002-in. thickness, followed by 0.0017
postbaking heat-treatment.
Electroplated Ni “Gray Nickel” piate 0.0025"*
Chromium Commercial electroplating 0.0013
Aluminum Al-metaliizing, fullowed by dip coating with 0.0057
hydrolyzed ethyl silicate.
Al -pigmented silicone Baked 2 hr. at 425°F 0.0013
Silicone Baked 2 hr. at 425°F 0. 0005
Zinc chromate iron oxide|Primed and painted, air-dried 0.0019
alkyd paint
Zinc chromate primer Air-dried 0.0009
Zinc-dust dibutyl An experimental zinc-dust dibutyl titanate C. 0021
titanate primer, sir-dried
Rust-preventive wax Coating was spplied to siressed specimens 0. 0012
immediately before exposure
Rust-preventive grease |Coating was applied to stressed specimens Not measureq
immediately before exposure
Strontium chromate 0. 0008
aluminum paint Aii-dried
Aircraft-type zinc 0. 0002
chromate primer Specification MIL-P-6889A Type I, eir-drisd.

* Coating peeled off during stressing on some specimens.

the test.

These specimens were excluded from
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TABLE VI1I
Effect of " rotactive Coatings on Stress Corrosion of Aircraft Alloys*
{kef. 25)
—
Tike :o Failure {days)
Coating
12 MoV Die Steel
Not Coating 0.7 1.5 to 3
Coatings that prevented stress corroston
Alumir ... applied after austenitizing NF NF
Coatings that delayed strecs corrasion
Ni-Cd electroplate NF 263°°
Zinc-dust dibutyl titanate NF 395°*
Aluminum appliz2d before austenitizing 4 to 66 46°*°
Al-pigmented silicone applied after austenitizing T°¢ 147°*
Aircraft-iype zinc chromate primer 2 to 17 -
Electroplated it 405** 0.7
Coatings withno cppreciable effect on stress corrosion
Electroless Ni 6.7 0.7 tc 1
Electroplated r 9.7 0.01 tc 4
Al -pigmented s.licone applied before austenitizing 0.7 2to 3
Silicone 0.7 0.7 to 5 i
Zinc ckromate -ror oxide alkyd paint 0.7 to 3 0.7 to 13
Zinc chromate urimer 0.7 to 1 -
Rust-preventive wax 0.7 to 13 0.7 to ¢4
Rust-preventiv:? grease 3.7 to 3 0.7 to 5
Strontium chronate aluminum paint 0.7 to 1 ~

NF = No fallure in 420 days.
* Results cf exposure at Kure Beach, N.C.
** Soze specimens hav> nct failed after 420 days.
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INTENSITY PARAMETER

APPLIED STRESS

Delayed failare of 300N steel center pre-cracked specimens subjected to a

K ~ KSI.J/IN
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Fatigue pre-crack

Fast fracture

Air environment
Kic = 73.3 ksi in.

Fatigue pre-crack

Slow crack growth,
anvironmentally-induced

l Fast fracture

. Fig.6 Fracture appearance of 4340 cantilever beam bend specimcns, 235 ksi
strength level

Distilled water
Environment
K1 = 62.2 ksi in.
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solutions (cantilever loaded notch bend specimens) (Ref.18)
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@ Pure hydrogen, K~ 18,500 psi - in!/2
® 100% humidified orgon ,K~22,500psi - in"/2

Crock length (inches)

54
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Fig.12 Subcritical crack-growth kinetics in hydrogen and humidified argon, H-11
stecl (Ref.20)
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Fig 4«3 Effect of 0.7% O, upon subcritical crack-growth in bumidified nitrogen,
H-11 steel (Ref.20)
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APPENDIX A
Nominal Chemical Compositions of Steels
Described in this Presentation (Weight %)
[ Steel c Mn | Si | Ni Cr | Mo | V P S | FPe Co
H-11 0.42 10.2910.96| - | 5.17[1.35/0.52/0.021]0.006|Bal
4340 0.40 | -- : - 11.85| 0.90!0.40| - - - |Bal
3004 0.40 | ~ l1.‘15 1.85| 0.90{0.40{ - - — |Bal
18% Ni Maraging|0.007|0.03{0.0:(18.0| -~ !14.8%| - - - |Bal|7.45
(18-7-5) 0.39 Ti.
0.10 Al
HP 9-4-45 0.43 |0.15(0.01{7.80! 0.32{0.30|0.09)0.006/0.009(Bal;3.95
D6AC 0.45 |0.69{0.26]0.55| 1.0 |1.0 |0.08{0.008|0.006{Bal
4335 0.35 | -~ - 11.85] 0.90]|0.40/0.52] - -~ |Ral
12 MoV 0.25 [0.50{0.45]0.6312.16|0.98 0.3310.019 9.015|Bal
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APPENDIX B

Illustration of Use of Fracture Toughness
Parameter for Design Purposes

The use of the fracture mechanics concepts for design purposes will be illustrated
by presenting several examples which characterize applications in material selection
and post fajlure analysis.

Example |

The first exampie will involve 8 pressure vessel made from H-11 steel. ‘The pro-
perties of the H-11 material as obtained from MIL Handbook 5 are presented in Table B-1
along with the K;, parameters obtained from tests on sheet specimens.

For the basis of this illustration, consider the flaw as a partial surface crack
and assume that the nondestructive testing technique is capable of detecting cracks
greater than 0.050 in. in depth. This implies that cracks 0.050 in. or less may be
present in the completed structure. For a partial surface crack, the plane strain
toughress can be expressed as

K2 = 3.77 o%b
IcC ~ 2 2
¢? - 0.212 0%/0,
where K;c is the plane strain fracture toughness,

o is the gross applied stress,
2a is length of surface crack,
b is depth of surface crack,

038 is 0.2% yield strength,

¢  is an elliptic integral defired as

77/2/ 2_b2
o[- ]

¢}

For reliable performance the vessel should be capable of sustaining an applied stress
(o) which is equal to the yield strength (a}s). For the H-11 steel with a 220, 000
1b/in. ? yield strength and a crack length to depth ratio of 2, the calculations indicate
that the K;. value should be greater than approximately 64,000 1b/in.? Y(in.) to
insure that the defect dces not grow and lead to failure below the design stress. Since
the actual K;c value for this strength level in the 5Cr-Mo-V steel is 41, 000 1b/1n, ?
V(in.). the designer would select a material with a higher fracture toughness or de-
crease the applied stress level. This quantitative approach to predicting the stresses
where flaws start to grow as cracks can be applied to virtually any component provided
that adequate stress analyses are available to define the relationship between the
material constant ch and the crack geometry.
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Example 2

A very premising area where fracture mechanics can be used in design is in the
prediction of time-dependent failures (stress corrosion or fatigue). Taking fatigue
as an example, conventional fatigue data are generally obtained on smail laboratory
samples and plotted as an S-N curve. The problem froxm a design standpoint is that
the absolute value of the stress required to produce a given number of cycles to
failure is dependent on the specimen geometry, just as in the case of notch tensile
properties. However, if the fatigue curve is expressed in terms of the stress intensity
parameter, a basic curve is then obtained which is independent of geometry. The
fracture mechanics approach has been used by Tiffany to predict low cycle fatigue
behavior in pressure vessels®, The faiigue results obtained on pre-cracked laboratory
specimens are shown in Figure B-1. The results are presented as the ratio of applied
stress intensity factor to the fracture toughness (Ki/KIC). Actual pressure vessels
were then tested in low cycle fatigue and the sgreement between predicted and observed
failures was excellent. Although the extension of the fracture mechanics approach,
which assumes the presence of defects in the structure, tc time-dependent fajlures is
a relatively new area for study, the initial results indicate that it does have con-
siderable merit.

* C.F.Ti’fany, An Approach to the Prediction of Pressure Vessel Minimum Fatigue Life Based Upon
Applied Fracture Mechanics. Boeing Co. Report No.02-22437, March 1963.
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TABLE B-1I
Properties of 5Cr-Mo-V Aircraft Steel (H-11)
. b
Alioy: aCr Mo -V
Form: All wrought forms
Condition: Heat treated (quenched and tempered)
3 to obtain F., indicated.
{ . Mechanical Properties:
PTU , ksi
L 240 260 280
T 240 260 280
Fry . ksi
L 190 205 220
T 190 265 220
Kic . ksi V(in.)
L 82 54 41
Specimen Flaw-Growth
1.0 Data
0.9 Actual
Fracture
: 0.8 - of Tank V—
{ L °
4 . -
‘; ¥.§ 0.7 Predicted Fracture
i X of Tonk V
i 0.4 -
o
! < 0.5
§ o
»: >.
H |y C.4 -
(72
4 ©® ~— Round Noich Specimen
e 0.3#_6" Surfoce Flawed Specimen -
Z B~ 17 Dia Tonks, Actual Failures
2 K(i ~ Initiol Stress Intensity
W 0.2p- 1c = Frocture Toughness (Plane Strain) i.e. -
tr Critical Stress Intensity
0.1} = Stopped Cycling - Did Not Fail -
0 14_1;4111’ 1 {1111l 1 1 1 41111 ] Ll ld Ll
10 100 1000

TANK SERVICE LIFE (CYCLES TO FAILURE)

Pig.B-1 Prediction and verification of tank service life
from specimen filaw-growth data (Tiffany)
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DISCUSSION ON PAPER BY E.A.STEIGERWALD

Mr A.H.Priest described work on the etfect of sulphur, phosphorus and silicon on the
stress corrosion limit szcc of a NiCrMoV steel determined by the B.F.Brown precracked
beam test. The effect of silicon was included as this element gave rise to the 350°0
intergranular type of embrittlement. The results showed that low S + P gave a high
KISCC and a long period to fracture, whereas Si + S, S8i +P and S + P (worst) all
gave 8 low szcc and a short time to failure. In the plots Kl versus time to failure,
high 8 + P gave a concave curve, and iow S + P 8 convex curve indicating a dis-
continuity in the ch 'nge of crack growth rate with KI. Changes in tempering temperature
had little effect on the resvlts, so § and P did not affect the tempering reactions.
An analysis of the results showed that in fact Si had no effect and that it was the
total S + P which was important. A plot of szcc versus total S { P gave a concave
curve. Mr Priest added that he thought the good Kysce properties of 9Ni4Co and 18Ni
maraging steels were due tn their low S + P content resulting from careful prepara-
tion of the metal. If high S + P were allowed into 18Ni steel, a low Kisee resulted.
Profeszor J.Nutting compered the results of KISCC tests in Dr Steigerwald’ s paper with
results from Dr Baker’'s work at the British Welding Research Association or the influence
of charged hydrogen on K; versus time-to-failure. The two sets of results were very
similar; specimens charged with hydrogen gave a K, limit similar to szcc' Now, sus-
ceptibility vo hydrogen embrittlement depended on the microstructure; twinned martensite
was very susceptible and untwinned not susceptible. There might therefore be a similar
correlation between twinning and szcc: if so, one should avoid steels whose strength
was devel-ped by twirning of the martensite.

The remalnder of the discussion centred round the uses and significance of the
fracture toughness approach. Mr Priest mentioned the importance of time-to-failure as
well as KISCC limit; he had found En30B (4NilCrMo) and 9NidCo both to have a K sce of
26 units, but at stress intensities just above this En30B failed in 30 minates wheresas
9Ni4Co took 1000 minutes to fail. HKe had also found that the critical limit was higher
with a stress corrosion crack than with a fatigue crack, i.e. the fatigue crack was
sharper. Micrographs of failed snecimens showed the transgranular fatigue crack chang-
ing to an intergranular stress corrosion crack.

Hr L.Witliams thought the precracked specimen very useful in stress corrosion work on
high strength materials, but asked how useful it was on tougher materials. Dr Steigerwald
thought this difficult to answer. For very tough materials a thick specimen must be
used and the results were less quantitative. The method was still useful, however, in
that, a stress raiser being present, the scaiter cof test results and the duration of
tests were reduced. Mr H.Brooks wondered what the relation was between KISCC and the
threshold stress data, determined on plain specimens, which could be used directly by
designers. Dr Steigerwald knew of no correlation. The behaviour of smooth specimens
depended on their size; threshold stress data were only significant if determined on
specimens of the same thickness as the service components. Mr E.Y.Phelps remarked that
there was only & very approximate correlation between resistance to SCC and toughness.
Some austenitic stainless steels were very tough but susceptible to SCC, and some low
strength quite brittle steels did not suffer SCC in seawater. Dr Steigerwald agreed.
Toughness correluted with resistance to SCC only within a given class of steel in a
given environment. Une could not measure ch for lower strength steels.
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SUMMARY

This paper is a review of the stress corrosion characteristics of
bigh strength stainless steels with perticular esphasis op sircraft
applications. An attempt has been made to correlate lahoratory test
results with natural exposure and service behavior and, where possible,
to suggest maximum stress levels fcr design consideratiops. The steels
covered include the cold worked austenitic, the martensitic azd the
precipitation hardening types. Some typical aircraft anplications of
each are described. The mechanisw of failure in the light of current
theories is discussed including the metallurgical development of alloys
for stress corrosion resistesnce. Protective measures and their effective-
uess are reviawed.




STRESS CORROSION CRACKING &
HIGH STRENGTH STAINLESS STEELS

E.E. Denhard, Jr

1. INTRODUCTION

High Strength stainless steels have grown up with, and been a part of, the aircrart
industry since the curly days f flight. According to Ffieldl, ta. types of stainless
(18-8 and 13Cr) were known to asirship designers in 1928. His company, the Goodyear-
Zeppelin Corporation, recognized that both had interesting possibilities but found the
hardenable i3% chromium steel to be subject to stress corrosion cracking. Neverthe-
less, the Briscish successfully used this alloy in the airship R 101 and, by ingenious
fabrication and heat treating techniques, overcame the stress corrosion problem.

In 1935, Johnson? cited the advantages of culd worksd 18-8 for metal aircraft,
noting that “the percentege of wood and fabric in heavier-than-air-craft' was approach-
ing the vanishing point. A decade later, Mony-penny3 issued a warning on the dangers
of using cold drawn 18-8 in aircratt construction, based on the observation that &
severely strained hospital bowl of this grade failed in a relatively mild corrosive
environment. This was promptly challenged by Franks" who presented data showing that
properly processcd austenitic stainless steels were not subject to atmospheric stress
corrosion. Thus, the stage was set for a controversy tnat has lasted twenty years and
resulted in the initiation of countless investigations.

Today, large quantities of high strength stainlesc steel are used in many critical
aircraft applications. Their acceptance is based on & combination of useful engineer-
ing proparties and a high level of corrosion resistance. Ease of fabrication and
economy are secondary, but also important.

With the increased use of these alloys, there has been & corresponding increase in
the number of technical papers on stress corrosion cracking, with the result that a
serious problem seems to he implied; yet reports of actual service feilure attribut-
able to this cause are few. One might justly ask. “Why all the concern?’ Several
reasons appear lcgical. Spectacular failure mechanisms become a popular subject for
research, and stress corrosion cracking is certainly one of the most intriguing.
Secondly, any failure in a critical applicetion is undesirable and, in the case of
aircraft, could be disastrous. Since aircraft are subject tco the conditions that can
cause stress corrosion, due to the nature of the environment in which they operate,
it is essential that all of the factors that promote it be understood and cortrolled.

The first paper of this symposium covered the theoretical and practical aspects of
stress corrosion cracking. Many of the concepts advanced apply to the high strength
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stainless steels; however, since each metallic system has specific environments and
metallurgical structures that, in combination, either resist or cause susceptibility
to stress corrosion, a more detailed review would appear in order.

It appears that one of the most troublesome aress of stress corrosion is that of
drawing conclusions based on the puhblished data. The lack of standardized stress
corrosion test methods has resulted in a host of data that defies comparison. How
high can stainless steels be stressed and under what conditions? How do the labora-
tory tests compare with actual field experience? What is the metallurgical structure
needed for resistarce to stress corrosion and how can this be maintained through fabri-
cation and manufacturing operations? How effective are protective measures? The
purpose of this paper is to review each of the above areas and, where possible, present
the latest position.

2. TYPES OF RIGH STRENGTH STAINLESS STEELS

The high strength stainless steels discussed in this paper are characterized by
having a tensile streagth of 150.000 1b/in? or tigher. Basicaily, they are steels
common to the United States although, for the most part, they have similar counter-
parts in other countries.

Table I lists the chemical composition of the principal high strength stainless
steels used in aircraft and aerospace. This list was compiled by reviewing the AMS
Index #nd Usage Survey® and the technical literature. In aauition to the grades shown
in Table I, a small nusber of fabricators indicated that they used some of the free
machining variations of the martensitic types. Typical mechanical properties are
reported in Table II.

In referring to Table I, It may be noted that the high strength stainless steels
fall into three categorics:

I. Austenitic (cold worked)
II. Martiemsitic
I1XI. Precipitation hardening
A. Martensitic
B. Semi-Austenitic

The sustenitic chromium-nickel stainless steels develop high strergth as a result
af cold work (either cold rolling or drawing) and are generclly stress relieved at low
temperatures (below 200°F) to achieve the hest combination of strength and ductility.
The alioys of principal interest sre those whose metallurgical stability (high work
hardening rate) favors the austenite-to-martensite transformation. These steels are
limited ¢o =npplications where ioining or environmental temperature effects do not
result iu loss of strength, since they cannot be rebeat treated to restore their
mechanical pruperties. An excellent review article on the properties of codd rolled
austenitic stainless steels is availsble®.

The martensitic stalaless steels are essentially straight chromium zlloys with or
without small additions of other elements, principally columbium, nickel and »olyhdenux.
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They derive their strength from a martensite transformation on cooling to room tem-
perature from a high temperature austenitizing treatment. It is customary to use
these alloys in a stress relieved or tempered condition. Type 410 (12% Cr) is the
basic alloy, with the remaining 400 series representing important modifications.

The precipitation hardening stainless steels combine the excellent corrosion
resistance of the austenitic chromium-nickel alloys with the heat hardening character-
istirs of the straight chromium grades. Basically, they are of two types: (i) marten-
sitic and (ii) semi-austenitic. 17-4 PH*, FV-520(B) and PH 13-8 Mo are martensitic
precipitation hardening alloys. In the solution tr-ated condition, they possess mode-
rate strength and formability. Low temper aging treatment (850-1150°F) temper the
martensite and result in age hardening for improved mechanical properties.

Examples of the semi-austenitic precipitation hardening stainless steels include
FV-520 (S)., 17-7 PH, PH i5-7 Mo, AM-350 and AM-355. As annealed, these steels are soft
and can be easily fabricated. Cold working or thermal treatments produce a martensitic
matrix which. in the case of 17-7 PH, PH 15-7 Mo and FV-520 (S), respond to further
age hardening by low temperature treatments. AM-350 and AM-355 use a final low tempera-
ture treatment to temper the martensite matrix. Considerable data are aveileble on
the physical metallurgy and mechanical properties of these alloys, some nctable referen-
ces being References 7, 8, 9, 10, 11 and 12.

3. APPLICATIONS

Excellent examples of the use of high strength stainless steel in aircraft are the
2000 mph, 265 tcn, XB-70°s built by North Americen Aviation. These planes required
20,000 square feet of brazed honeycomb panels fabricated from PH 15-7 Mo heat treated
to a tensile strength of 190,000 1b/in?, In addition, substantial portions of the
substracture for the wings and fuselage were machined from heavy sections of 17-4 PH.
AM-350 and AM-355 were used for the 4000 1b/in? aydraulic tubing and fittings. The
aircraft is shown in Figure 1.

Pielding'® reported that FV-520 wes selected as the principal construction material
of the Avro 730 supersonic bomber und, although the project was later cancelled, it
became the choice for the Blue Steel Missile which has since achieved operational
status. Blue Steel is essentially an unmanned rocket airplane.

In less sophisticated aircraft, high strength stainless s‘eels also find extensive
use. Forwed sheet metal sections of the semi-austenitic steels are used in hat and
zee sections as stiffeners for panels and engine nacelles. These alloys also see
service for tubular frames, welded sheet metal structures, formed bellows and springs.

Jet engines and secondary power equipment require substantial amounts of wire clips,
snap-riugs, shafts, bolts, levers and miscellaneous hardware. These are wade from a
wide selection of the hardensble stainless steels based on temperature and strength
considerations.

Greek Ascoloy is used for turbine discs in the last stages of jet engines and Types
410, 17-4 PH and PH 13-8 Mo for compressor blades to combat corrosion from ingested
salt laden moist air.

*Trademark Reristered US Patent Office
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Various hydraulic actuators and control assesblies have been manufactured from the
martensitic precipitation hardening stainless steels and Type 431. The former have
been widely used for high speed turbines, cast housing, and fuel control valves.

The more hardenable stainless steels (420, 440-A and 440-C) are generally restricted
to nonstructural items but find applications ir valve housings, wear pads, and for
needle and spherical bearings.

4. TEST METHODS

A study of the techniczl iiterature on the siress corrosion cracking of high strength
stainless steels reveals almost as many testing procedures as the number of steels
studied. The result is that the data dc not lend themselves to comparative analysis.
This is due in part to the uncertainty of the mechanism (hydrogen embrittlement or
stress corrosion) and the efiorts of some investigators to accommodate both., The effects
of the lack of standardization are discussed ir the following sections.

4.1 Specimen Types and Application of Stress

Figures 2 and 3 represent the more common stress corrosion specimens and apparatus.

The constant deflection tests have found widest use in natural exposure, salt spray
and high humidity environments. Bent betx specimens are relatively easy and cheap to
prepare. They offer reasonably uniform stress patterns", but exact failure time is
difficult to determine because nf the stress relaxation that results when cracking
occurs. Horseshoe type specimens have similar advantages and disadvantagesls.

In contrast, constant load tests find their greatest application in accelerated
laboratory investigations. Strong acid media and toxic gases are conveniently con-
tained in suitable enclosures. Failure time can be fairly sccurately established
because the unit stress increases once cracking commences and theareafte: crack pro-
pagaticn and/or ductile fracture is rapid. This type of equipment is also readily
adaptable for handling notched specimens for the purpose of introducing multiaxial
stresses known to accelerste hydrogen embrittlement!®”!®

4.2 Corrosive lMedia

The experimenter’s complete freedom in selecting environments for stress corrosion
testing is probably responsible for the bulk of the data that defies analysis. Table
II1 lists some of the media which have been used to evaluate the stress corr.sion
resistance of high strength stainless steels. These may be grouped in three Lroad
areas representing atteapts to

(1) reproduce conditicns that exist during some part of the manufacturing, testing,
and storage of parts,

(i1) provide rapid laboratory screening data,

(iii) simulate service conditiouns.
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Each of these will be described in greater detail, tut based on an analysis of tests
performed by a nunber of investigators, the relative severity of the various media, as
shown in Figure 4, appears reasonable.

4.3 Test to Determine Susceptibility During Parts
Manufacturing, Testing and Storage

Comprehensive programs'?~ %! to determine if the fabricating processes and test

methods used for high strength &lloys could possibly account for subsequent stress
corrosior damage are of interest.

In general, none of vhe high strength alloys tested (principally cold stretched

Type 301 and heat treated precipitation hardened alioys) showed any susceptibility to
stress corrosion cracking in any of the media shown in Section A of Table III, even

when cold rolled or heat tieated to very high strength levels. The solutions included
commercial cleaning, deicing and paint stripring chemicals with varying pH. The superio-
rity of the high strength stainless steels in these tests was evident compared to high
strength low alloy steels and other allsy systems. Since the stainless steels were

not affected by any of these media, no further comment on this subject will be made.

4.4 Accelerated Laboratory Stress Corrosion Tests

various techniques have been developed to speed up the stress corrosion testing
process.

Acid solutions poisoned with elements which promote the entry of hydrogen into the
steel 22°2% and cathodic charging?® 2?7 have been widely used to stress corrosion test
the hardensble grades of stainless steel. In some instances, wesk acid solutions
saturated with hydrogen sulfide have been used. The optional addition of salt promotes
pitting and hastens the process. These media have been popular with the petroleum
industry, where serious embrittlement problems have been encountered in sour wells.

Suitable environments for accelerated testing of the cold worked austenitic alloys
do not appear well established. There is some evidence that boiling 42% magnesium
chloride »nd the hydrogen sulfide acid solutions referred to above may be useful for
testing these materials.

In general, the accelerated tests shown in Section B of Table I1II produce cracking
that varies ir time from minutes to several hours. Under some conditicns, specimens
do not fail in days but general corrosion rates may be very high. The repreducibility
of tests of this type is considered good. This is probably because the corrodent is
in intimate contact wxith the mets]l surface as contrasted to the variable conditions of
natural exposure.

4.5 Stress Corrosion Tests Simulating Service Conditions

Exposure of siressed samples to high humidity air, alternate wet and dry salt solu-
tions, salt fog, marine, industrial and rural asmospheres are all attempts to simulate
natural service conditions. The relative severity of the environments has been debated.
One investigation reported salt spray to be most severe, fcllowed by coastal marine
exposure and alteraate immerslon‘s. The severity of natural exposure is affected

B a i |
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by the time of the year specimens are placed in test, the temperature, rainfall and
probably 8 host of other factors. In marine atmosphere, the deposition of air-borne
salt water with alternate watting and drying conditions is a potent factor in causing
stress corrosion cracking.

5. TEST DATA AND BEHAVIOR IN SERVICE

The relative stress corrosion resistance of the high strength stainless steels is
extremely difficult to assess, for reasons described earlier. However, an attempt has
been made to indicate ihe maximum safe applied stress for each alloy classification as
determined by a review of the published data. This is shown in Figure V. It is based
on exposure to a severe marine atmcsphere such as might be encountered in aircraft
carrier operation. This chart is only intended as a rough guide, since actual service
performance may vary considerably, as described in the following sections.

5.1 Coid Worked Austenitic Alloys

The high strength, cold worked chromium-nickel stainiess steel alloys offer an
interesting comparison between accelerated laboratory, natural exposure, and field
experience.

Matsushima, Deegan and white?® showed that annealed Type 301 faile” in 17 zinutes
in boiling 42% magnesium chloride. With successive degrees 0f cold work the cracking
time became progressively shorter until, with 40% reduction, a life of only 5 minutes
was realized.

These results are contradictory tc those obtained by workers in my laboratory.
Figure 6 shows the results of previously unpulished data from our tests with the above
3 superimposed for comparison. Matsushima used a constant spring loaded “C” type speci-
ﬁ men with an applied stress beyond the elastic limit. Our tests had a uniform applied
3 tensile stress of 25,000 1b/in?. It is interesting to note that we showed Type 305
{18 Cr-11 Ni) to be superior to Type 301 in the annealed condition (due to the higher
nickel content) but inferior after cold working.

PR yikbdd vabed

: In contrast to the above accelerated tests, full hard Type 301 samples stressed to
! 15 of the 0.2% yield strength (180-202, 00C 1b/in?) did not fail in 400 days of marine
: exposure at Kure Beach, North Carolina3®. Twenty percent salt spray, alternate immer-
sion and industrial atmospheric exposures displayed equally good results. Excellent
atmospheric stress corrosica resistance for the austenitic stainless steels has also
been reported by others??, Samples stressed to their 0.1% proof stress after various
degrees of cold work withstood over three years' exposure to 8 heavily polluted indus-
trial atmosphere without any indication of cracking.

d

Apparently, cold worked austenitic alloys can be cracked in relatively short times
in media such as boiling magnesium chloride, but they are highly resistant to all types
of atmospheric corrosion and simulated service con. :ions. These data also show the
fallacy of predicting behavior in natural environments, hased on accelerated laboratory
type tests. No literature references were found of actual service failures ¢ad it can
only be concluded that this class of alloys has excellent resistance to stress corrosion
for most applications.

322 g v =ty A Ay
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5.2 Martensitic Alloys

The martensitic stainless steels display varying degrees of susceptibility to stress
corrosion cracking, depending largely cn heat treatment, alloy content and exposure
conditions.

Table IV shows the cracking time of Type 410 hardened and tempered at various tem-
peratures, and exposed to various media, The applied stress was 100,000 lb/inz.
except where indicated otherwise. Photomicrographs of Tyne 410 fractures in several
media are shown in Figures 7 and 8. These pictures iilustrate that cracking may be
intergranular or transgranular depending on environment.

It is apparent that the choice of corrosive environment has & pronounced effect on
failure time. Moreover, it appears that tests conducted under constant load fail more
rapidly than those stressed to the same Jevel but under constant deflection conditions.
Acid media produce very short farlure times but, in general, distinguish between sus-
ceptible and nonsusceptible metallurgical conditions. With weaker acid solutions or
with salt spray, cracking time becomes lunger, until in industrial atmospheres crack-
ing dyes not occur or takes exceptionally long.

Martensitic stainless steels tempered between 340°C (650°F) and 540°C (1000°F) are
subject to rapid failure in most environments?® 32 32  Stress relieving at temperatures
less than 340°C (650°F), or tempering at temperatures over 530°C (1000°F), results in
significantly better performance. Of these two ccnditions, stress relieving offers
the highest strength, but a threshold crecking stress as low as 45,000 1b/ir? has been
noted for a 0.19 C-12Cr steel heat treated to the 220,000 1b/in? strength level!®.
Thus, for critical applications, highly tempered conditions should be considered.
Tempering Type 410 at 565°C (1050°F) produces a 0. 2% yield strength in excess of
100, 000 1b/in? and appears to offer immunity to marine stress corrosion cracking even
when stressed at 70,600 1b/in?. Truman and Kirkby>® see little hazard when the mar-
tensitic sieels are used at ultimate tensile strengths oelow 150, 000 1b/in?

In general, the susceptibility of the hardenable straight chromium grades increases
with carbon content'®, For the same tempering temperature and applied stress, the
more hardenable grades (Types 420, 440-A and 440-C) are less resistant and greater
caution must be exercised in their application33.

Alloying additions to 12Cr steels result in improved performance. Types 431
(Ref.34), 414, Greek Ascoloy, 422 (Ref.32) and FV-448 (Ref.18) all shcs better resis-
tance to stress corrosion than Type 410. The more resistant of this group, Greek
Ascoloy, Type 422 and FV-448, appear fully resistant when heat treated to a tensile
strength of 160,000 1b/in? and stressed to 90,000 1b/in?. 1In this condition, no
problems would be anticipated in severe marine atmospheres or humid tropical environ-
ments that aircraft encountcr.

Actual service failures of the martensitic stainless steel reported in the literature
are few. Noble and Sharp’? mentioned an early failurc of a Type 414 (13 Cr-2 Ni)
tie-10d used to hcld the discs and spacers of a jet engine together. Failyres of 12Cr
jet engine compressor blades were found to be caused by stress corrosion cracking®®.
Accelerated laboratory stress corrosion tests showed that tensile stresses of 50,000
1b/in? were sufficient to cause cracking if the material was tempered below 500°C
(950°F). By tempering the blades at a higher temperature, failure were prevented.
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Several years ago, some Type 431 i3t engine poppet valve assemblies which had
failed in service came to the atieation of cur laboratories. These handled jet engine
fuel and reportedly cperated at temperatures as high as 230°C (450°F). The failures
appear to be caused by sirczs corresion but there was insufficient information avail-
able to pinpoint the cause. The parts were criginally in the hardenzd and stress
relieved condition. 45 far as «z know, hardening and tempering at 1200°F solved this
problem.

5.3 Precipitation Hardening Alloys - Martensitic

The precipitation hardeaing stainless steels have been extensively stress corrosion
tested in environments varying rrom those encountered during fabrication to simulated
service conditions. There seems to be no doubt that this class of alloys offers useiul
engineering properties over and above what can be expected of the martensitic stain-
less steels, particulary where stress corrosion resistance is concerned.

Table V illustrates the effect of environment on 17-4 PH. As with the straight
chromium martensitic alloys, cracking can occur rapidly in strong acid media for some
heat treated conditions. It is important to note, however, that stress corrosion
resistance is markedly improved with higher aging temperatures. This characteristic
was not always shared to the same extent by the hardenable straight chromium alloys
under the severe conditions of an acid environment and constant load testing. Figure 9
illustrates the misleading effect laboratory tests may have on predicting behavior.
Acid media showed a dip for specimens aged at 550°C (1025°) but merine atmospheric
specimens were most susceptible aged at 482°C (900°F;.

The atmospheric stress corrosion resistance of 17-4 PH is significantly better than
the 12Cr type alloys, particularly in the 480°C (900°F) - 540°C (1000°F) tempering/
aging range where the most desirable mechanical properties are obtained. For most
applications, aging to maximum strength is not recommended, a slight sacrifice being
preferred to assure immunity to stress corrosion in questionable appiications.

Excellent stress corrosion resistance was also reported for FV-520(B) (Ref.7). No
failures have occurred in 17,006 hours in a heavily polluted industrial atmosphere
with an applied stress of 150,000 1b/in?.

Welding decreases the stress corrosion resistance of 17-4 PH in the stronger heat
treated conditiozs®®. Full bard specimens (200,000 1b/in’ ultimate tensile strength)
exposed 80 feet from the ocean with an applied stress of 160, 000 1b/in? showed the
followirg results:

Condition Fatlure Time (days)
Unwelded 573
Weld + Soiution Treat + Age 63
Solution Treat + Weld + Age 20

Unwelded specimens aged at 350°C (1025°F) and higher and those solution treated aftier
welding and aged in this manner have not failed in 6% years of coutinuous exposure.
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Based on published data and considerable user experience, an applied stress of
150, 000 1b/in? eppears safe for 17-4 PH heat treated to Conditinn H 1025 (165, 000
1b/in? yield strength). Data on the stress corrosion resistance of 17-4 PH and other
martensitic precipitaticn hardening alloys are given in References 27, 30 and 33.

Two new martensitic precipitation hardening stainless steels, 15-5 PH and PH 13-8
Mo (Ref.36), are of interest. The former was developed tn provide a ferrite-free
version of 17-4 PH with improved forgeability and transverse properties. Stress corro-
sion data on this alloy are being accumulated. It appears to be similar to 17-4 PH.

PH 13-8 Mo is a ferrite-free aluminum besring precipitation hardening stainless
steel that responds to either single or double hoat treatment. It was developed to
be compatible with the semi-austenitic precipitation hardening a.loys and can be
joined tc the latt r with brazing or welding operations that permit high strength
sheet mete! and heavy section assemblies. Stress corrosion tests on PH 13-8 Mo are
in progress. Data obtained to date indicate it is the most resistant of the marten-
sitic precipitation hardening elloys and is capable of sustaining higher stresges
without crecking. A summary of properties is shown in Table VI.

Large guantiti.s of the martensitic precipitation hardening stzialess steels have
been used in aircraft aspplications with exceptionally fine performance. Failures
attributed to s*ress corrosion cracking have been almost non-existent. Where cracking
has occvrred. obvirus metallurgical reasons have been found and ¢ould have been antici-
pated. For example, a failed 17-4 PH bolt, exposed to coamstal atmospheres, was found
“underaged” pd structurslly embrittled; the heat treatment appeared to be somewhat
less then tbe preferred 496°C (925°F)-510°C (950°F) for high strength applications.

It should be mentioned in passing that there have been a large number of investi-
gations on the stress corrcsion characteristics of the msrtensitic precipitation
hardening alloys directed to use in nuclear power plants. In these applications, the
290°C (550°F) opersting conditions are far different from those experienced by aircraft.
However, even here, 17-4 PH remains a preferred material for critical control drive
and pump construction, where wear and stress corrusion resistance are needed in com-
bination with high strength.

5.4 Precipitation Hardening Alloys - Semi-Austenitic

Like the other classes of alloys discnssed, the data on the stress corrosion charac-
teristics of the semi-austenitic precipitation hardening stainless steels are too
voluminous to cover in any more than & genera! way. Attenticnh is directed to some of
the excellent references on this subject??r 3¢ 33,

The metallurgy of the semi-austenitic precipitation hardenicg ailoys 1s somewhat
complicated and stress ccrrosion resistance varies considerably with the sequence of

cold working and/or thermal treatments.

The schedule below outlines the most common treataents for 17-7 PH and PH 15-7 Mo:

Condition Austentte Conditioning Transformation Age
T™H 1056 760°C (1400°F) Cool to 16°C /60°F)  3565°C {1050°F)
RH 950 950°C (1750°F) -73°C (-1060°F) 500%C (950°F)

CH 900 - Cold roll 480°C {900°F)
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Comparative stress corrosion data iudicate that PH 15-7 Mo is more resistant than
17-7 PH and that tae TH condition is more resistant than the KH. In severe marine
atmospheres, a limiting applied stress of 80-90, 000 1b, in? is suggested for materials
so trented if failure is to be sveided. The CH condition is considerahly more resistant,
and stresses of 200,000 1b/in? sr more have been sustained 800 feet fror the ocean for
more than two vears, ari in 20% salt fog for wore than one year.

Am-350 and AM-355 are similar to 17-7 PH and PH 15-7 Mo, but bave somewhat differing
heat treatments. The “eat treating schedule for these alloys is as follows:

Condition  Austenite Conditicning Transformetion Temper

SCT 850 9307¢C (1710°F) -19°C (-110°F) 454°C ‘856°F)
SCCRT 350 - Sub-zero cooled, cold roll  454°C (850°F)
CRT 850 - Cold roiled 47 +°C (850°F;

AM-350 appears mor~ resistant to stress corrosion than AM-355 (Ref.28) and the CRT
condition offers greater immunity than the SCT or SCCRT conditions. In this respect,
the suggested safe stress levels for i7-7 PH aad PH 15-7 Mo appear applicable to these
ailoys, with the exceptior of the SCT condition, which is nore susceptible. Specimens
of AM-350 and AM-355 stressed at 140-150,00C ib/in’ faile? in an averege time of 1i0
days in the Los Angeles atmosphere when heat ti:atcd to this condition.

Recently, a new hest treating sequence was proposed for AM-355 (Ref.37) which offers
improved stress corrosion resistance. This treatment involves a 1063°C (1950°F anneal
and refrigeration cycle ahead of the SCT condition. Samples sc treated with a final
temper of 540°C (1000 F) have svstezined 313 days in 5% salt fog under a stress of
165, 600 1h/in?

Stress corrosion data on FV-520(S) were not available for tests under the same
conditions s the al’oys referred to above. However, the meckanical properties and
methods of ob.aining them ure sirilar to 17-7 PH and PH 15-7 Mo and, in this regerd,
the same principles regarding stress corrosion performance would appear reasonable.

Gererclly spesking, several fixed heat treated conditions are cffered by the pro-
ducers o. these <te<ls for the purvoses of estublishing guaranteed minimum properties,
but the basic principle of using overaged material for maximum stress corrasion resis-
tance should .ot %e overlooked. For critical applications, the rule should be: use
the highest aging temperature that yields properties compatitle with design requirements

PH 14-8 Mo (Ref.33) is a relatively new scami-austenitic pracipitation hardening
stainles~ steel that promises superior stress corrosion resistance. This is demon-
strated by the fcil:wing data shich compare this alloy with 17-7 PH and PH 15-7 Mo,
its evolutionary predecesscrs.

Mar:ne Exposure - Kure Beach, North Carolina

\ 2% Yid. Exposure Strecs | 4]
Al ¢ P
ilioy Condition tr. (ksi®) (kst) i Days to Failure
1-TPH | P4 950 | 203,000 181,000 | !
PH 15-7 Mo @ RR 950 202,000 182, 000 i
PH 14-8 Mo | SRH 950 225,000 18G, 0CO L No faixur“ in 1100

* kai = 100u 1b/in®
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The results of these tests are all the more remarkable L“ecause 17-7 PH and PH 15-7 Mo
were exposed in the longitudinal direction and PH 14-8 Mo was transverse. This class
of steels, like other alloys, showxs inherently poorer stress corrosion resistance when
specimens are tested transverse to the rolling directior.

No cases of stress corrosion failures were found in the literature on aircraft
aprlications for these alloys. Two items that came to my ettention involved PH 15-7Mo
and AM-355 but the former was attributed to careless handling during pickling and the
latter to leaving spot welded sheet metal assembliez in the as-welded condition.

6. MECHANISM OF FAILURE

It is difficuit to define the stress corrosioa failure mechanis., of the family of
high strength stainless steels in any more “Lan general terms because of the complexity
of structures and the unique relationship of each tu specific conditions. The most
comuonly accepted idea 1s that cracking is the restlt of hydrager ¢mbrittlement or
accelerated corrosion along a crack-sensitive path: such as a greain boundary. In recent
vears, the concent of fracture mechanics in copjupcu.on with a corrosion process bas
gained momentum. This app.oach suggests that once & pit or stress raiser is originated
by a relatively slow corrosion process, & critical size flaw is generated, which pro-
pagates rapidly to cause complete failure?®. Within the iast year, there have been
several provosals?’ 2?7 that stress corrosiou cracking of the relatively weak and highly
ductile austenitic chromium-::1. kel stainless steels might also be & manifestaticn of
hydrogen embrittlement, not unlike that of the hardensable grades. These alloys furnish
a conveniert system for study because of their structural change after cold working.

The problem of analyzing the mechanism of failure is not simple. The possibility
of several mechanisms being operative within a given alloy system has been considered!’!®
and sppears to have merit.

The relative immunity to stress corrosion cracking of the highly cold worked aus-
tenitic alloys apparently has hampered efforts to analyze the mode of farlure in this
class of alloys. Data in the technical literature are conspicuces hy its absence.

The work of Matsushima et al“° suggests that the body center cubic structure of trans-
formed austenite is susceptible to hydrogen embrictlement and is presumably the cause
of feilurs.

Our lsborztories have found that the crack characteristics of the austenitic stain-
less steels change with cold work. Siress corrosion tests on Type 30! in boiiing 429
magnesium chloride described earlier siowed highly branched crecking for eannealed
material. With increasing cold reduction {up o 40%), the timc to failure 1nc.<ased
six-fold and the cracks oecame fever angd straighter. Tne latter closely resezmble
failures of the hardenable stainless steele under conditions that cause hydrogen
embrittiement.

T™e 400 series of martensitic alloys offers metallurgical conditions that are
theught to be susceptible to either stress corrosion or hydrogen embrittlement For
example, Type 410, hardened and tempered at temperatures up to about 30°C (S507F)
appesrs to be susceptible to hydrogen embrittlement and fractures are predominautiy
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Comparative stress corrosion data indicate that PH 15-7 Mo is more resistant than
17-7 PH and that the TH condition is more resistant than the RH. In severe marine
atmospheres, a limiting applied stress of 80-90, OO 1b/in? is suggested for materials
sc¢ treated if failure is to be avoided. The (M condition is considerably more resistant,
and s‘resses of 200, 000 1b/in® or more have been sustained 800 feet from the ocean for

re than two years, and in 20% salt fog for more than one year.

Am-350 and AM-355 are similar to 17-7 PH and PH 15-7 Mo, but have somewhat differing
heat treatments. The heat treating schedule for these alloys is us follows:

Condition Austenite Uondition.ng Transformation Temper

SCT 850 930°C (1716°F) -19°¢ (-110°F) 454°C (850°F)
SORT 850 - Sub-zero cooled, cold roll  434°C (850°F)
CRT 850 - Cold rolliu 454°C (850°%)

AM-350 appears more resistant to stress corrcsion than AM-355 (Ref.28) and the CRT
condition offers greater immunity than the SCT or SCCRT conditions. In this respect,
the suggested safe stress levels for 17-7 PH and PH 15-7 Mo appear applicable to these
alloys, with the exception cf the SCT condition, which is more cLSertible Specimens
of AM-350 and AM-355 stressed at 120-150, 000 ib/in? failed in an average time of 110
days in the Los Angeles atmnsphere when heat treated to this condition.

Recently, a new heat treating sequence was proposed for AM-355 (Ref.37) shich offers
improved stress corrosion resistance. This treatment involves a 1063°C (19509F) anneal
and refrigeration cycle ahead of the SCT condition. Saxples sc treated xith & final
temper of 540°C (1000°F) have sustained 313 days in 5% selt fog under a stress of
165,000 1b/in?

Stress corrosion data on FV-520(S) were not avaiiable for tests under the same
conditions as the alloys referred to above. However, the mechanical properties und
methods of obtaining them are similar to 17-7 PH and PH 15-7 Mo and, ia this regard,
the same principles regarding stress corrosion performance would appear reasonable.

Generally speaking, several fixed heat treated conditions are offered by the pro-
ducers ot these steels for the purposes Gf establishing guaranteed minimum properties,
tut the pasic principle of using overaged materisl for maximum stress corrosion resis-
tance shoulé not be overlooked. FPor critical applications, the rule should be: use
the highest aging temperature thit yieids properties competible with design requirements.

PH 14-8 Mo (Ref.38) is a relatively new semi-austenitic precipitation hardeaing
stainiess steel that promises superior stress corrosion resistuunce. This is demon-
strated by the following data which compare this alloj with 17-7 PH and PH 15-7 Mo,
its evolutionary predecessors

Marine Esposure - Kure Beach, Aorth Carolina

o ¢ !

Alloy Conditicn i S‘:r%(ﬁ‘:'} ..xpos:;;:lftrcss Days to Fatlure !
_ ]

17-7 PH RH 950 1 203, 000 181,000 1 |
FH 15-7 Mo : RH 250 202, 000 182, 000 1?2 :
PH 14-8 Mo | (-H 950 1 225, 000 180,000 o faifure in :100'

* ksi = 1000 ib/in?
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The results of these tests are all the more remarkable because 17-7 PH and PH 15-7 Mo
were expused in the longituainal direction and PH 14-8 Mo was transverse. This class
of steels, like other alloys, shows inherently poorer stress corrcosion resistance when
specimens are tested transverse to the roliing direction.

No cases of stress corrosion failures were fourd i: the literature on aircraft
applications for these alloys. Two items that came to my attention involved PH 15-7 Mo
and AM-355 but tnhe former was attributed to careless handling during pickling and the
latter to leaving spct welded sheet metal assemblies in the as-welded condition

6. VMECHANISM OF FAILURE

1t is difficult to define the stress corrosion failure mechanism of the tamily of
high strength stainless steels in any more than general terms because of the complexity
of structures and the unigue relationship of each to specifi~ conditions. The most
commonly eccepted ides is that cracking is the resalt of hydrogen embrittlement or
accelerated corrosion siong a crack-sensitive path such es a grain boundary. In recent
years, the concept of fracture mechanics in conjuncticn with a corrosion process has
gained momentum. This approach suggests that once a pit or stress raiser is originated
by a relatively slow corrosion process, a critical size flaw 1s generated, which pro-
pagates rapidly tc cause complete failure®®., Within the last year, there have been
several proposals”'33 that stress corrosion cracking of the relatively weak and highly
ductile austenitic chromium-nickel stainless steels might aiso be a manifestation of
hydrogen embrittlement, not unlike that of the hardenable grades. These alloys furnish
e convenient system fer study because of their structural change after cold woaiing.

The oroblem of analyzing the mechanism of failure is not simple. The possibility
of several mechanisms being operative within a given alloy system has been considered ™ 1®
and appears to have merirt.

The reiative immunity to stress corrosion cracking of the highly cold worked aus-
tenitic alloys arparently has hampered efforts to analyze the mode of failure in this
class cf ulinys. Data in the technical literature are conspicuous by its absence.

The work of Matsushima et al>’® suggests that the body center cubic structure of trans-
formed austenite is susceptibie to hydrogen embrittlement and Is presumably the csuse
of failure.

Our iaboratories have found that the crack characteristics of the austenitic stain-
less steels change with cold work. Stress corms.on tests on Type 301 in Doiling 42%
magnesiuir chloride described earlier showed highly branched cracking for annealed
neterial. With increasing cold reduction (vp to 40%), the time to failure increased
six-fold and the cracks became fewer and straighter. The latter closely resemt.e
failures of the hardenavie steinless steels nnder coanditions that csuse hydrogen
embrittlement.

The 400 series of martensatic alloys offers metallurgical conditinns +hat are
thought to be susceptible to either stress corrosion or hydrogen estritt.ement Cor
exzmple, Type 410, hardened and tempered at temperatures ur to about 306°C (330°F
appears to be susceptible to hydrogen embrittlement and fra-tures are predominaint:v
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transgranuiar®®., Above this temperature, at least in some media, the fracture path
becomes intergranuiar and is termed stress corrosion crecking. In this case, & arsck-
sensitive pathis thought to be provided by the precip‘tsation of chromium carbides,
prcducing an iron-enriched route for electrochemicai dissolution.

Phelps and Loginow?’ considersd the mechanism of stress corrosion in 12% chromium
steels to be the result of corrosion along an active path, &nd presented dava to show
that only under conditions of strong cathodic impressed current densities was fracture
transgranular, and thus characteristic of hydrngen embrittlement. Their work was
carried cut on specimens tempered at 425°C (800°F). Studies at lower stress relieving
temperatures night be informative,

Invariably, investigators have found craching to be associsted with pittiug.
Fontana®" noted that cracks emerged from deep pits in Type 403 (12 Cr) but thaet, at
bhigher tempering temperatures wher? crack seasitivity was lowered, the pits were heai-
spherical. These observations appear to tie in with Hoke’ s> findings tuat fracture
toughness and stress corrosion (or stress-hydrogen) cracking arc related in the brittle
feilure mechanism. Possibly, the stress concentration at the base of hemispherical
pits is too low to initiate and propegate cracks.

The mechanism of failure of martensitic stainless steels has no! been settled.
Perhaps it has been confused by the variety of test methods employed to study the
phenomenon. Prom the standpoint of failurc during actwal operating conditioms, thar
is, natural environments, the mechanism is not any easier to define. Most of the
failures that I have examined that occurred in marine atmospheres appeared to b2
intergranular and of & stress cnrrosion nature. On the other hand, there have been
examples of cracxed parts, that, due to the environment (pickling aud plating) or
because of galvanic courling with less noble -aaterials, strongly suggest hydrozen
embrittliement to be the cause.

The precipitation hardening stainless steels generally appear ta stress coyrosion
crack by mechanisms similar to those reported for che martensitic straight chromium
alloys. Becadgse of their unique hardening processes, however, certain differences
may be noted. For example, whern hardening is accexplished by cold rolling and aging.
as in the case of 17-7 PH (Condition CH 300), time to failure is longer than wieas the
strength is obtainzd solely by theimal treatments., This is attributed to the compres-
sive stresses imparted during the cold reauction and subsequent siress relieving {and
simultaneous hardening) aging treatient The fact that trrasfermstion =8 caused by
cold working, and final aging is generally in = temperature range lower chan that
required to cause nrofuse carbide precipitation (¢s in the TH condition), lessens the
possibiiity of e crack-s2nsitive path.

The environment may be as importsnt as the metallurgical condition insofar as the
mechanism of failure is concerned. For example in Tabie V, 17-4 PH cracks rapidly
in the acid-sait-hvdrogen sulfide soilutions regardiess of aging temperature. In the
hydrochleric acid-selenium dioxide sclution, however, near immunity seems o be achieved
by aging st 393°C (1i00°F) - 620°C (1150°F). Botk snlutions are thought of as bydrogen
embrittlwng t° »s but 1t is possible that the salt solution aiso offers the additional
possibility {. siress corrosion cracking.
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It is possible that che mechanism is furt' . ~oupiicate’ 5y the {=herenr g  +~al
corrosion resistance of the slloy being ~.cdied. For evaam o rtepr 204 pespe® %t
593°C (1100°F) did not dispiay the res:~tance to t% jot HC sov, solulioe that
was exhibited by 17-¢ PH ageu at 6. C (11507F)

7. METALLURGICAL BEVELOPYENT FOR RESISIANGY 10 HAILURE

The mysteries of atress corrosion are far from unders! ¢, :ul elough urodress has
been made in metallurgical developments to use ther to w00 advantage.

Areas which deserve specigl comment are (1) «llogins 3nd chem. trv ~untrv,, {2 seli-
ing technigues, and (3) fabricsticn asnd heat treatiux sequenc s

7.3 Allcying and Chemistry Coatsol

The significant improvement ip the perforrance of (2% chromiva ailoys safforded by
seall alloy sdditions is a matter of recorc'® 2% "7  ople ana Sharp’? concliaded that
the alloys that have the highest hardress for & siven (empering temperature arz gencr-
aily most resistant ¢o stress corrosicn cracking. Possitly g dizproportic aately
higher relief of internal stresses is acbieved in these stee’s »1thout swcrificing
usciul strength. Small additions of columbiv», vanadicm, me!vtcenum and tungSten are
particularly effective ia prometing this characteristic. Thesc elements retard coaje-
scence of carpides by diffusica st tespering remperatures, It snould rot be overlocked
that some of ihese clements contribute to control of praxa stze, thas further delasing
fallure cue to the circuitous route a potentisl crack must, foilow., =n excelleps, 2xzmple
cf the Jutter is the beneficial effects of oaly ¢ 15% cu umbiarn to Type JiC (Ref. 40},
Molytdenum spparently improves the stress corrosiunh performasce 3f the high strepgth
stainless stecls by increasing their p:rtting resistsance and inhibiting *texnering.
Carbon is perhaps the most iafluontial ~legent -~ Inw carbon being preferr-d in most
cases. The literature'® *° is replere witt examples of lcaner carbon stesls cut-
performing their higher carben ctunterparts.,

The precipivation hsrdering stainless steris ~ombine in a practical way the ubserva-
tions of YNoble and Sharp with 8 simuitanous strengtiieniag mechanism, thus offerin,
Figher useful strengths. Even here, an evolutisnsry proecess is in progress and seversi
acw steels (PH 13-8 ¥3 and PH 14-3 +0) kave emerged, the irpetus belng provided largely
or the aireraft industry.

As the newer steels evolved, the accent was frequentliy on improved toughness at
high strepgth levels but, happily, this was found t9 benrfiy stres- corrosich resis-
tance. As uwenrtinned earlier. there seems 'y be & paraliel between frecture toughness
and stress corrogion resistarce ip the newer alloys. A sIxilar relaticuship #8s noted
hetween impact strepgth and stress corrosion charseteristics noted for the o:ider 139
chromium steels.

There is also a trend towerd vestriciing 2ll elements pot ccnsidzred e<zent.al for
the alluy s iotal perfornance. Perry'® foung that <ail amounts of sulfur, lesd,
grsenic, antimony and tin have anw aidverse offect on Inr Stress corrnsisn resistance of
3% chromium steels.  The restrictive chemistry of PH 3% ¥n (Ref 28) gag PH 14-2 Yo
(Retf.3R) also reflects this direction, Sulfur in particular seems 1n b narmful.
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Several investigators®% “! have noted that chloride ionz are attracted to inclusions
of tnis element and the corrosive attack which results serves as a nucleus for cracking.

7.2 Meltingz Methods

The melting process is generzlly governed by the eccnomics and the fina. chemistry
aprcified, There ere little data reported to show that it has aw direct effect on
stress cerrosion resistance but there seems tc be & growing teelinv v~=t it is impor-
tant. Vacuum induction meiting and consumable electroge vacuum remelting processes
are the principal methods of interest.

T-e high vacuum and pure materials used in most vacuum induction processes produce
exceptjonally clean steels. Nonmetailic inciusions are preferred locations for pitting
ard locs'ized usttack, both of which appesr to be associated with stress corrosion crack-
ing. Furthermer=, vacuum melting reduces ga3 content which, ia the case of nitrogen,
4as heen fourd . be detrimental in at Least one high strength stainless steel®®

fonsumable electrode vacuun romelting retzins the advantages gained in the above
process., In addition, it reduces segregates and changes the snlidification process
to cfier steeics with improved transverse properties, particularly for larger section
sizes.

7.3 Effect of Fabrication and Heat Trealing Segquence

Unless care 1s exercised in planning the sequence of fabrication steps, 'ncluding
celding and hea” treating, the useful properties ot the kigh strength stainless steels
are not realized.

Geanerally speaking, the operstional steps must be such that residual stresses are
heid to a minimum, Garvin“? investigated the effcct ~f heat treating sequence on the
residual stresses in 17-4 PH It was foum! that the highest sging temperatures cffered
tue greatest stress relief and tihat fabrication preferably should be performed on
material in the solution treated condition., Resicuel stresses were lower Sor material
so processed compared to that which was fabricated in the aged cordition &nd sub-
sequently reaged.

Fit-1p for =eld ag and jolning has deen considered a prime source of h.gh intaernai
stresses®>. Due to the high elastic modulus of steels, small variaticns in deforma-
tion to accomodave misfit may account for sizegbie stress pal.terus  Tthe reiief of
these etresces vy post-weld {empering or sging t-zatments is extremely helpful in
preveatins failure in use.

Stress ~orrosinc craching ¢f welded martensitic and precipitation hardened stainless
steels tends cto preferentially oncur in the Leat affected zone aljacent to the wold.
Curcide preeipitation assoviated with thls arcd provides & suscertihle regieon for
ccrresive at{ack which, whor comtined with high tencile stresses, feiles Intergrenularly.
Pre-sxing or tempering before welding guinimizes this type of attack by redusing the

gratiznt cf lulergranular precipitatzs. Auditional ‘espering or sging stiar weldisg
is highly desirsbie to minimize Chie internsl stresses rroduced durizg this operation.
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8. PROTECTIVE MEASURES AND THEIR EFFECTIVENESS

Since stress corrosion is the result of the interplay of a corrosion process and
stress, 1t follows that, by limiting either of these elements, immunity can be achieved.
Logically, this starts with proper design and alloy selection, buv there are other
practical approaches that can be taken.

8.1 Painting 2nd Protective Coatings

Barriers between the environment and the metal surfaces provide an effective means
of controlling corrosion., Despite the high level of corrosion resistance of stainless
steels, crevices, sharp fillets, rough surfaces, and contact with dissimilar metals
provide excellent sites for localized corrosive attack.

Vacuum cadmium plating of Type 431 rivets in conjunction with manganese dioxide or
chromate *ype flexible <ealants was found particuirarly effective for protecting air-
craft skin fasteners® . Coatings that are anodic to tne motal surface provide pro-
tection, th~se that are cathoaic dc not?’. To be effective, metallic coatings must
be in electrical contact with the metal surface they are to cathodically protect.
¥hen vehicles with dielectrir character:stics are used for suspension of metal particles,
the efficiency of the protective process may be impared.

One of the possibilities tc be considered in using protective metallic coetings is
that of hydrogen embrittling the metal to be protected. This hazard is theoretically
present since, in a galvanic couple, the sacrificial coating becoines the anode and
the part to be protected becomes the cathode. If the system is active and the coating
1s doing 1ts job, the hydrogen evolving from the c¢orrosion cell may be absorbed into
the high strength steel, resulting in cracking. Appsrentlv, this condition does not
occur to any great extent in practice since no failures were noted in the literature
that were attributed to this cause. fossibly, uancer natural condit:ions, absorption
cf a sufficier*. quantity of hydrogen to cause embrittlement is too slow.

Coatings that simply furnish a barrier between the metal surface and the enviren-
ment (such as organic coatings) are useful if they remain intact, adherent and non-
porous. Protective systems of chis type shouid be fully resistent to crazing and
cracking, or localized sites for corrosion may develop which can be more dangerous
than leaving the metal unprotected. A further disadvantage is that the corrosion
process may proceed undetected beneath the protective ccating

8.2 Shot-Peening

Changing the nature of the stress pettern by shot-peening or blasting 1s a very
effective deterrent to stress corrosicn cracking. Hildebrand et al“®, found that
this procecure offered the best safeguard when even a remcte possibility of this form
of metal failure is anticipaced. Shot-peening has been effective on helical and flat
ieaf sprirgs, rotating equipment, anc« most structurtl parts.

Shot-peening of stainless steels should be performed with stainless steel shot or
glass beads. The use of mild steel or other nor-<orrosion resistant materials may
leave a surface contaminated layer whiz', 1L service, muy rust and be the cause of
stress cerrosion or hydrogen embrittleaent.
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1 9. CONCLUSIONS

(i) Accelerated laboratory stress corrosion tests are useful for screening and
development purposes but cannot be used reliably for predicting behavior in
service. Tests of this type may fail candidate materials that show no stress
COITos510n susceptibility in seveie natural environaents.

(i1) Cold worked austenitic stcinless steels have excellent stress corrosion resis-
tance even at strength levels in excess of 200,000 lb/in?

(iii) The chromium martensitic stainless steels are quite susceptible to stress
corrosion cracking when tempered at 340°C (€50°F) - 540°C (1000°F). In this
condition, some of the higher carbon alloys appear to have & threshold crack-
ing stress as low as 40,000 1b/in?. Stress relieving below 340°C (850°F) or
tempering above 565°C (1050°F) greatly improves their stress corrosion resis-
tance, the latter being preferred. Appiied stresses of 70-80,000 1b/in?
appear safe for material so treated for most aircraft applications. The more
highly alloyed martensitic steels allow stressing to even higher levels.

(iv) Martensitic precipitation hardening alloys display excellent stress corrosion
resistance in marine and industrisl atmospheres. An applied stress of
150,000 1b/in? appears perfectly safe for material heat treated to a yield
strength of 165,000 1b/in*,

4 (v) Semi-austenitic precipitation hardening stainless steels have stress corrosion
characteristics that are similar, but somewhat superior, to the martensitic
chromiun alloys when their mechanical properties arz produced by thermal
treatments. When transformation is accomplished by cold working, the aged
product more closely resembles the high strength austenitic alloys and unusually
high stress corrosion resistance is availiable,

PN ant 4v ol

(vi) The failure mechanisu for high strength stainless steels is considered to be
either hydrogen embrittlement or stress corrosion (accelerated corrosion
along a crack sensitive path). The former seems likely for material tempered
or aged at temperatures below 510°C (950°F) - 540°C (1000°F); the latter at
higher temperatures where carbide precipitation becomes more pronounced.
This trend is greatly affected by environment which may favor either mechanism.
A correlation seems to exist tetween fracture toughness and stress corrosion
resistance, both of which_benefit from high-purity melts.

Y TPV
f35£4) (1serimiul ALl

Bty
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! (viiy Shot-peening and anodic metallic coatings offer useful protective methods
for preventing stress corrosion.

Despite the large number of papers dealing with stress corrosion cracking of high
strength stainless steels, the number of reported failures in aircraft applications
are few., .ith a few precautions, this family of alloys offers extremely useful
engineering properties which are not seriously impaired by environment.

The published data on the stress corrosion cracking of these steels are based on a
wide variety of spgcimen types, environments, and stress levels which make comparison
very difficult. There is & definite need for standardization in this area.

FTET TR
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TABLE !
Chenical Compositic-. of High Strength Stainiess Stee's
Grade T C Mn Su Cr Ll Mo Cu Others
i
301 0.10 1.25 0.50 17.5 1.0 - - -
410 0,12 0.5 .35 12.0 - - - -
420 0.35 J.50 0.35 13.0 - - - -
422 0.20 0.50 0.35 13.0 - 1.0 - ¥-10
431 0.2¢ 0.50 0.35 16.0 2.0 - . v -0.25
| 440-C 1.00 0.50 0.50 17.0 - - - -
Greek Ascoloy 0.15 - - 13.9 2.0 - - W-30
FV-448 0.10 100 0.40 11.0 - 0.8 - Cb - G.40
V-=_C15
1 17-4 PR 2.04 - - - 16.0 4.0 - 3.3 Cb - 0.25
FV-520 (B) 0.94 - 0.50 14.0 5.4 138 1.6 Cb - 0.50
15-5 PH 0.04 - - 15.0 5.0 - 3.2 b - 0.25
PH 13-8 Mo 0.04 0.10 0.10 13.0 8.0 2.2 - Al - 1.0, P - 0.02
1 Max Max Max, S- 2.008 »ax,
3 N - 0.01 Max
17-7 PH 0.97 0650 030 117.0 7.9 - - Al -~ 1.0
3 PH 15-7 Mo 0.07 0.5¢ ©0.30 150 7.0 2.2 - Al - 1.0
: PH 14-8 Mo 0.63 0.10 0.10 150 8.4 22 - Al - 1.0. P - 0.01
3 Max Max Max, 5-0.098 Max,
N - 0.01 Max
] AM-350 0.1¢ 0.75 0.30 16.5 4.3 2.7 8 -0.10
E AM- 355 0.13 0.75 0.30 15.5 4.3 2.7 X -0.10 |
I Fv-520 (S) 0.06 1,00 .30 157 5.1 1.8 20 Ti - 0.2 Max i
3 H - -

A
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TABLE 11
Typical M2chanical Froperties of High Strength Stainless Steele
Litinate T l 0.2 Yield % El t I
Litinate Tensile 4T ongation tion®

Grade Strength (kst}? | Strength (ksi)t 11 2 1. Cond1 tion

301 266 244 1.5 CR 65%
181 150 12.0 CR 40%
410 195 153 15.0 1800 + 600
420 230 195 8.0 1850 -+ 600
422 228 185 10.0 1500 + 800
431 200 149 15.0 1900 + 600
440-C 285 275 2.0 1900 + 690
Greek Ascoloy 210 180 12.0 1750 + 600
FV-448 193 142 1.5 i830 -+ 930
17-4 PH 200 185 14.0 1925 + 900
FV-520 (B) 180 150 12.0 1750 + 850
15-5 PH 200 185 14.0 1925 + 900
PH 13-8 Mo 255 200 13.0 1700 + 950
17-7 PH 235 220 6.0 1750 + (-100) + 959
PH 15-7 Mo 240 225 6.0 1750 + (-129) + 950
PH 14-8 Mo 230 215 6.0 1700 + (-100) + 950
AM-350 192 143 12.0 1750 + ( (10) + 750
AM-355 215 182 18.C 1750 + (-110) + 750
FV-520 (S) 197 i 168 9.0 1925 + (- 95) + 850
1

* Temperatures given in degrees F. t xsi = 1006 1b/¢ ?
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TABLE 11}

Environments Selected for Stress Corrosion Testing
Yizh Strength Stainless Steels

Trichloroethylene

4% SHluble 0il Solution

1% Marquench Salt Sclution (Nitrates and Nitrites)

1 Sodium Dichromate Solution

Rust iphibiting 0il

Deicing Fluid ¥i1-D-19418

Painy Stripper 4Yii-R-8633A

Cleaning Sclution ¥il-C-25542

IV Solutions - Sodium Nitrate, Sodium Sulfate, Sodium
Phosohate and Sedium Sulfide

B. Accelerated Laboratory Media

18% HCl + 1% Se0,

% H, S0, + 3 ng/1 As

4% HCl + 3 NaCl + 20 Mg/l As
% HAc + H,S

% HAc + 6 NaCl + H 3

42% MgCl, (bojling)

C. Medin Swmulating Service Conditions

Air - High Humidity
3-5-20% Salt Sprav
Xarine
Industrial
Rural

#av>r - Distilled
Tap
Sea

A. Medi. used during Parts Manufactur:ng, lesting and Sinrage
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TABLE IV

Resulto of Stress Corrosion Tests for
Type 419 in Various Xedia

Aprlied stress - 100,000 lb/in.?

Crackiag *ime in hours

Temoering Temperature
Wed:a 35 Pc | s3°C | seg°c | Refermee L:a:?:g

(600°F; | (°00°F; | (1000°F)| (1100°F)
0.1 N}l?sog +3 Mg As/1]| 0.66 0.018 0.66 NF 26 (1]
18% HC{ + 1% Se0, - 1.4 NF 35 Ccb
0.9 2.6 0.25 0.2 * L
% HAC + 6 NaCl + H,S 2.2 1.2 9.35 9.2 ¢ CL
% HAC + H,S - - 5.0 25.0 46 D
150 34.0 130.0 >1000 . (> P
3-5% Nacl Pog >1000 - - - 33 D
>1800 {144- 264-NF NF 26 oD

1200
' - - - 1680 22 a
14,000% | 2800 3400 - 18 CL
Marine Atmosphere >5000 504 1000 >5000 b Cb
v lustrial Atmosphere {>10, 000¢| 3400t 9100 - 18 L
L

* Armco Steel Oz;rporation - Unpublished Data

CL - Constant Load

CD - Coustant Deflection

MF - Nc Pailure

t 145,009 1b/in.?
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TASLE V
Stress Corrosion Resistance of 17-4 PH in Yarious Media
Applied stress - 109,000 1b/inf? Cracking tim2 in days
- —
Aging lemperature i
Yedra 1 — Reference
| 482°C (900°F) | 552°C (1025°F) | 620°C (1150°F) i
18% HCl + 1% Se0, 0.5 ! 0.04 | >100 .
% HAc + 6 NaCl + i8S 0.37 i 0.05 | Q.15 .
% HAC + H,S 2-62 50 NF i 50 NF 3
3-5% Nacl 42 NF - : - 33
|
14-50 - , 75 17 32
20% Nacl 42 NF - f - o33
[iarine Atmosphere 573() 2400 NF(2?) | 2400 Ne{( ¥ : 30° j

* Armco Steel Corporation ~ Unpubli: ed Data

{1 Applied stress 163,000 1b/in.°
(2) Applied stress 140,000 1b/in.?
(3) Applied stress 105,000 1b/in.°?

NF - No Failure
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TABLE VI

Mechanical Properties ania Stress Corrosion Resistance
17-4 PH and PH 13-8 Mo

Solution treated and aged 593°C (1100°F)

Mechanical Properties® PH 13-8 Mo 17-4 PH
k Ultimate tensile strength, 1b/in.? 176, 000 150, 000
9.2% yield strength, 1b/in.? 150, 006 135, 000
% Elongation in 2 in. 16 17
% Reduction of area 80 58
Impact, Charpy V-notch, ft 1b 100 45

Stress Corrosion Tests®

% Acetic ’cid + 6% Salt + 4,8

T

Applied stress 50,000 1b/ia.?

w

Hours to failure 150

200°C (400°F) water °° > 2,000 < 1,000

« Areco Steel Corporation
es 17-4 PH stress - 133,000 .uo/in? - aged at 482°C (900°F)
PH 12-8 Mo siressed - 147,506 1b/in.? - aged at 510°C (950°P)

Cl - <1 ppm 02« 4-5 ppm

PR 1 kAL ) cohos LB i

%
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Fig.1 High strength stainless steel airplane. North Acerican Aviation XB-70
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Bent Beam

Horseshoe

AN

Stressed Hoop

Fig.2 Stress corrosion test methods (constant deflection)
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Tension
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Canlilever Beam

Spring Loaded

Fig.3 Stress corrosion test methods (constant ioad)
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Fig.4 Relstive severity of various environme

Stress - ksi

Fig.5 Sugsested applied -.fe stress for high strength stainless
steels in marine atmosphere. (Xsi = 1000 1b/1n.9)

Ma eniti PH- artensitc Cold Worked
Transtorimed PH Austenitic & PH
Thermally Trans. by C.W,
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Cracking Time - Minutes

) e
100 <
i .
\'o\,
- .. Type 301°**
10 — &\
| ey
- O™,
4 »\

9 0 2 30 4 50
Per Cent Reduction

32,6 Stress corrosion cracking time, cold worked austenitic al.oys

* Unpublished data-Armco Steel Corp. ** Ref.29
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¥% acetic acid, 6% salt,
hydrogen sulfide

100,000 1b/in.?2  0.85 hours

Transgranular Cracks

Boiling 42% magnesium chloride
100,000 1b/in.? 21.8 hours

Intergranular Cracks

Marine atmosphere, 80 ft from ocean
140,006 1b/in.? 504 hours

Intergranular Cracks

Stress corrosion cracks in Type 410 exposed to various media

Hardened and tempered at 482°C (900°F).
Magnification 250 x
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Crack perpendicular to applied stress

ar to fracture face

ad

Intergranular crack perpendicu

ion cracks in notched tensile specimen of Type 410

=

Stress corro

Fig.8

% HC! + 1% Se0,

expcsed to 13

Hardened and tempered at 482°C (900°F)

Maznifica*ion 250 «x
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Aging Temperature, °C

=me Marine Atmosphere
=== 1/2% HAc + 6 NaCl + HoS

wmim 18% HCI + 1% Se0y

Effect of aging ¢ -mperature on stress corrosion resistance of
17-4 PH in various media
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DISCUSSION ON PAPER BY E.E.DENHARD, Jr

(1) ¥Yechanism

Professor L.Graf referred to work he had carried out on 18Crl1iNi steel, of the homo-
geneous non-saturasted type referred to in his comments on Professor Fontana's paper.
Although the elements in solid solution gave increased reactivity at grain boundaries
and at disturbed areas in the grain surfaces, and at regions in a state of deformation,
it had been shown that the potential difference between flowing and non-flowing metal
was insufficient to cause SCC. For SCC to occur, the crack wells must be polarised
cathodiczlly. Profes-or Graf described in detail expeviments with a potentiostat on
specimens static and under deformation which showed tba! the crack wails became cathodi-
cally polarised with passive films and that the cathodic reaction was the discharge of
hydrogen. Polarisation ¢f the whole specimen to negative potentials stopped SCC by
activation of the crack walls.

Dr J.C.Scully made a comment from his own work on austenitic stainless steeis in which
he was seeking to distinguish between the role of anodic processes and the possible
role of hydrogen. Thin foils had been prepared from type 304 specimens scress corroded
in water plus a trace of chloride at 270°C. The crack passed through slip planes by
plain anodic dissolution. No second phase wes pnresent. The effects of hydrogen charg-
ing in poisoned sulphuric acid were being studied; charging type 304 caused the formation
of eta martensite, with attendant plastic strain and stacking fault ribbons. No phase
change occurred with type 310 steels. After charging, the potential was lowered and
the passive film removed. While the specimen was being removed from the acid, however,
it repassivated, i.e. anodically polarised itself. During this repassivation severe
dissolution occurred along slip planes giving an appearance similar to the stress
corroded specimen. It was concluded that repassivation was an important bphencmenoi,

and that a critical part of the SCC process was delay in repassivation at the crack tip.

BPr E.H.Phelps said ¥r Deimaard’ s paper erphasised the importance of relating test
environment to service; any metal couid be made to stress corrode if one tried hard
enough. SCC in service was nearly always due to residual stresses which were higher
thun service stresses; it was better to temper at a higher temperature to reduce internal
stresses, even though the applied load would then be a higher proportion of the tensile
strength.

(11) “otallurgy

¥r baller asked what was the effect on resistance to SCC of transformztion of unstable
austenite tu psi martensite, and a French delegate enquired the effect of small quanti-
ties of ferrite in types 410 and 431. Mr Denhard replied that resistance to SCC rose
when austenite was transformed to psi martensite. Ferrite was helpful; SC cracks
propagated tnrough martensite and avoided ferrite in these and in austenitic alloys
containing ferrite. But ferrite was harmful to trunsverse mechanical properties, and
alloys were now being produced free from ferrite and untransformed austenite. Higher
chromium contents increasad resistance to SCC, so t;pe 431 alloys were more resistant
than type 410 at the same strength level.




(iii) Test method’,

Un the ouerscion of test specimens, Mr Waller asked how vne caiculated the stresses
in bent besw test specimens, and were these specimens not very sensitive to imperfec-
tions in the surface”? Mr Denhard gave more details of preparation of test specimens.
in tepsile type bar specimens, notches of Ki.3 were cut. The specimens were rough
mackined in the hot rolled condition, solution treated and aged or tempered, then given
g7it polish and, in the case of austenitic allcys, an electropolish. He agreed that
surface imperfections had an effect on bent beam tests; specimens were ground, vapour
blasted and handled with gloves. Stresses were calculated from bent beam formulae;
the region of uniform stress on a 7 inch long specimen was about 5 inches. Reproduci-
bility in tests was good, in spite of random pitting.

Dr Phelps added that his Company had made available methods for the exact calculation
of stresses in bent beams. Stresses in outer fibres of specimens could be calculated
to ¥5% up tn 75% of tne yield strength. In further reply to Mr Waller, Mr Denhard
explained that his stressed hoop and horseshoe specimens were bent to approximate
shape, then heat treated and cleaned, and then bent further tc introduce the required
stresses. Strain gauges had been used to calibrate the jigs.
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STRESS CORROSION OF TITANIUM ALLOYS

J.B.Cotton

SYNOPSI1S

Although titanium and its slloys are resistant to corrosion in many media including
aqueosus solutions of chlorides, stress corrosion of some titanium alloys can take place
in halide environments. The ¢ircumstances under which this occurs are summarised with
particular reference to exposure in hot unstabilised chlorinated hydrocarbons, to hot
dry sodium chloride and to aqueous saline solution at ambient tempersature.

Cracking in a range of chlorinated hydrocartons can be avoided by addition of
suitable stabilisers and inhibitors to the degressants, and conditions leading to use
of safe degreasing systems are defined.

Where an aircraft component is in contact w.ith wet salt this may evaporate at
engine heat and cculd give rise to hot-salt stress corrosion. Although no example
from service has yet been found, the effect can be produced in the laboratory and the
results of a great deal of laboratory investigation and testing are summarisea. The
effect is found mainly in titanium alloys containing aluminium ond sensitivity to
cracking increases with aluminium content. Sensitive alloys can be rendered signifi-
cantly less sensi‘ive by additions of mclybdenum and vanadium. The metallurgy and
chemistry involved in cracking in hot salt is discussed together with possible
protective measures.

Stress corrosion cracking of titanium alloys cen also take place in salt water at
ambient temperatures but the conditions under which this occurs involves a very high
level of local stress. Again the effect has only been seen in the 1aboratory under
conditiors imposed by pre-tatigue cracking followed by cantilever stressing of the
cracked region. The circumstances invelved in this sort of situation are reviewed
and discussed.

Finally, features common to cracking in all three environments are coliated and
discussed with respect to fundamental aspects of stress corrosion and of the directon
in which remedies may be sought.

1. INTRODUCTION

Stress corrosion must surely be the most ubiquitous and 1nsidious of all corrosion
phenomena. In its ubiquity it is recognised in materials as widely separated as gold
alloys and methyl methacrylate and anvone who has kept a favourite spun brass bowl for
years, only tu see it suddenly and spontaneously fall apart, can testify as to the
insidious nuiure of the process.
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The complexity of the problem is such that the only established features known with
complete certainty to apply across the entire field of enquiry are the presence of
stress and a fairly but not uniquely selective corrodent. As far as metallic materials
are invoived it seemed, until very recently, that one other certainty was that the
phenomenon could only occur in alloys and not in really pure wetals. There now seems
to be some doubt even about this, since Pugh and Woodward have produced the effect in
copper of 99.999% purity’.

Against this background, and with ap admitted ten yesrs’ hindsight, it was clearly
a forlorn hope ever to imagine that titanium and its alloys or any other metal and its
alloys, for that matter, could ever be completely immune to tanis catastrophic form of
fajilure. Thus the best that can ever be expected from any metal bein, newly developed
industrially is that its stress corrosion behaviour will be confined to env‘'ronments
well removed from those encountered in commerce and industry.

In its early days, titanium seemed to fulfil this requirement. The commercially
pure metal was known to stress-crack in red fuming nitric acid and even in methanol
but in any event it could not be safely used to contain red fuming nitric acid because
of an explosive hazard, and there seemed little need to employ it for processes
involving methanol. Provided temperatures are kept below about 250°F (121°C) the
metal dves not cor-ode in aqueous s¢lutions of neutral halides and this has encouraged
its successful v.e in a wide range of chemical plant applications involving this type
of esvironment. Indeed, about 1952, Kiefer and Harple? exposed stressed titanium to
sixteen differeat chloride solutions without obtaining any evidence of cracking. In
1955, however, G.W.Bauer® reported surface cracking in & Ti-8A’-4V allcy during creep
testing at 700°F (371°C), but this w»as at first attributed to surface oxidation ani
its recognition as true stress corrosion was delayed mainly by difficulties in
reproducing the effect.

The full disappointing vealisation that chlorine or chloride in some form could
produce stress corrosion became only tco apparant in 1957 when Meredith and Arter”
reported stress corrosion cracking of an Ti-5Al-24%Sn alloy weldment exposed to
chlorinated diphenyl at T07°F (375°C). Since about that time the witch-hunt has
intensified and in 1967, with broomsticks moving into the supersonic region, titanium
and its alloys have been undergoing an ordeal by fire and water probably unequalled
in any other candidate metal used in aircraft.

There are, in fact, at least tnree environmental hazards that ti*: oun may encounter
in its journey from the billet through its working life in aircra « they all involve
chiorine or chloride in one form or another. It is in these envi.unments, recreated in
the laboratory. that titanium alloys are being suhjected to stress cor-i.,ons at least
as severe and usually much more severe than anythiig they will have to endire in service.
In the fabricating stage an aircraft component may well pe lubricated cr cegreased with
e chlorinated hydrocarbon in one form or another; it may literally acquire some of the
human sweat normally metaphorically lavished upon it and the sweat will contain some
salt and during its lifetime ii an operating unit it may be baptised with salt from
deiced runvays or, if carrier-based, from sea water. At engine heat this leads to the
third environment in the form of decomposing solid salt.

A great deal of investigation by several teams of investigators has been made 1nto
the cracking of titanium alloys 1n hot salt and an accelerating effort 1s being devoted
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to hehaviour in squecus salt solutions, but the =ffect ¢f decomposing chlorinated
hydrocarbons upon tifanium ellovs has not been previously published in any detail.

The objective of this paper is thus to remedy the situation in respect of chlorinated
hydrocarbons, to summarise the available resvlts of werk with hot salt and agueous

salt solutions, to discess possible mechanisms leading to failure in all three environ-
ments and to suggest directions in which remedies may be found.

2. STRESS CORROSYON OF TITANIUM ALLOYS
IN CHLORINATED HYDROCARBONS

The inforzation that Ti-54{-24Sn had failed by stress cerrosicn in chisrinated
diphenvl® was independently confirmed in the Research Department at Witton when stress
corrosion #as detected in a welded component fabriceted from the same alloy, as it was
being degreased in trichlorethylene vapour. 7o define the situat{on more closely af
investigation was mounted in three directions.

(i) To confirm that the erfect could repeatedly e reproduced with tne Ti-S5Ai-2%Sa
alley ard to determine in which, frcom a range of chlorinated hydrocarbons,
stress cerresion was likely to occur.

{(ii) To determine in which, from e range ot commercial titanium alloys, the effect
was likely to be found.

(iii) 70 see whetler appropriate adiitions to chloriuated rydrocsrbons couid ensdre
competibility with titanium alloys and aveid stress cerrosion.

2.1 7ests with Titaniuvs-%% Aluminium-Z4%
Tin Alloy aid Chlorinated Hydrocartons

Because it it Known that. on proloaged exposure in tne presence of some metals. the
vapour of trichlorethylene C;hcis. cen partially decompese to preduce hydrochloric
acid, {t pas long hon cnstomary Lo contro: scidity by the addition of a stabiliser
such as triethylamine al a strength of about 3 02%.

This environment was skployed ir n attempt to ¢rack machined cyiindrical specimens
of Ti-5A1-2%Sn alloy in straight tausile pull at 95% of the proof stress., None of these
specimens fractured even arter exposure for 850 hours. ¥whea, however, specinens were
welded 1n the centre of the gauge lenzth and stressed, ihev cracked within fifteen
minutes (see kigure 1). Urnveided samples, heat-treated to simulnic the welding-
temperature cycte, did not craua and 1t was assunad that sdditional! stresser inrroduaced
gur:ng welding influenced crackipg rehuviour.

Specimens were therefure cur from shee¢ and bent into a joop s¢ that there was wovh
plastic and elastic straiu at the &jex of the loup. These alwass cracked in the staled
envirenment within thirty minutes (Fig. 2° The crarks were tragcgranuliar (see Figure 3,

Having estabiished a2 conditiorn 11 wlich eraching could be goarantesd, the bent loup
system was used to obtain infoimatiot uvon the type of chlermipeted hydrocarten, vapuur
or liquid. in which cracaing wax J:kely to nccar.  The rescits, recerded in Tavle [,
indicate that most chlorinated hyvdrocartons, in the unstabilised fors, aye Likely 1o
give rise to craciing but there is evidence that .his m&y be a {unction of temperatur
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since there was no cracking in liquid ¢richlorethylene at 20°C nor in the vapour of
chloroform at 61°C.

2.2 Tests with a Range of Commercial Titanium Alloys

Using unstabilised trichlnrethylene vapour at a temperature of about 38°C, a wide
range of ctitanium alloys, most of them developed for use in aircraft, were subjected
to the form of cracking test previously described. Where, because of mechanical
strength preperties, it was not possible tr hend the strip into a loop, bowed specimens
were used (see Figure 4) and, to ensure that some specimens would be in the most
susceptible condition, a tramsverr2 weld was made in the region of maxirum stress wiih
about half the specimens used.

For a degreasing bath, time of contact of metal with the degreasant is not normally
longer than, say, half an hour, and a degreasing system can be deemed to be safe if
cracking at the very high stresses employed does not occur within, say, a hundred hours.

From the results recorded in Table II, it may be seen that there was no cracking with
commercially pure titanium, nor any titanium alloy *hat did not contain aluminium, and
this was so even when the time of exprsure was extended to three hundred and fifty houis.
There is some evidence that the prese. of a critical proportion of aluminium may be
necessery before cracking takes place and that this may be of the order of 4 wt %. Thus
there was no cracking with the titanium 2% aluminium 2% maganese alloy. The cracking
tendency may, of course, be complicated by the presence of other elements, e.g. tin or
zirconium, and by heat freatment or mechanical deformation, but more investigation is
necessary befcre this aspect is ccmpletely defined.

2.3 Effect of Additions of Stabiiisers and Deactivators
to Chiorinated Hydrocarbone upon Stress Corrosion
of Titanlum Alioys

It seems very probable that t': types of chemical reaction taking place during the
stress corrosion of titanium aitloys containing aluminium are very similar to those
kncwn to occur between the same chlorinated hydrocarbons and aluminium and it is
appropriate to list these. The details of all the reactions are not known with complete
certainty but they fall into three categories -~ an crganic condensation reaction
catajiysed by the metel surface, dnring which hydrochloric acid is formed, an oxidation
of the chiorineted hydrocarbon which could also produce hycrochloric acid and corrosive
attack by the hvdrochleric acid on the metal. During these reactions aluminium chloride
is formed and this can also catalyse further decomposition of the chiorinated
hydrocarbon.

In order to counter the total eilect it js clearly appropriate to attempt to suppress
all three types of reactions and this can be largely achieved by maxing sppropriate
additions to the chlorinated hydrocarton. Thus as antioxidants, derivations of pyrrole
{CuHSN) or ¢ form of unsaturated hydrocarbon buatylene (CuHe) is used; the last mentioneq
type ¢f compound may also act a¢ a metal deactivator, but some esters anm- ketones can
also function in this way. Finally reegents such as aliphatic amines, «.g. triethylamine
(Czﬂs)aﬂ, organic ovides, knuwn as epoxides, and chloringted esters are sdded to prevent
the development of acidity ~ see the patent literature®+%:7,
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The beneficial effect of the additions designed to suppress all three types of
reaction are evident when the stress corrosion test is repeated with trichlorethylene.
i Methyl chlorotorm 1s normaliy used cold, and does not produce cracking, but a stabiliser
is usually added to make assurance doubly sure. Results of tests with stabilised and
unstabilised degreasants are recorded for the Ti-5%Al-2%%Sn alloy in Table I1II

Summarising the results of all this work, it can be seen that there 1s no evidence
of stress corrosion when commercially pure titanium or titanium alioys not containing
aluminium are exposed to hot chlorinated hydrocarbons. W%here the aluminivm content
exceeds i critical amount, a stress corrosion hazard exists and this is accentuated at
welds. Both plastic and elastic strain are a nocessary pre-requisite for stress
corrosion craciing in these alloys. The effect appears to be dependent, in part, upon
the temperature of the degreasant, but for all practical degreasing purposes the hazard
can be eliminated by suitebly stabilising *h2 degreasant and deactivating the metal
surface.

e

3. HOT SALT CRACKING OF TITANIUM ALLOYS

Early atterpts to reproduce the sort of surface cracking first repor-ted by Bauer® by
finger printing titanium alloys and stressing them at elevated temperatures prouiced
very mixed results® and, for example, the cracking could not b2 produced oy this means
in the I.M.1. Research Department at Witton. When, however, wet sodium chloride is
applied to certain types of titanium alloy specimens and allowed to dr; and the
specimen is then stressed in tensile pull at temperatures of the order of §00°F (316°C)
to 900°F (480°C), crackinz can be produced over a period of time, depending upon the
level of stress. It can, for evample, be as long as 20,000 hours with low stresses at
650°F (343°C) or in as short a time as 15 minutes when lceded under creep conditions
at 900°F (482°C).

A great deal of research effort has been 2xpended in att:mpts to define th~ conditiors
under which this effect occcurs, in elucidating the amechanisw, and in seeking a remedy.
The complexity of the problem becomes apparent from the published record STP 397 of the
thirteen papers presented at th? Symposium on Stress Cracking of Titanium® neld under
the aegis of ASTM at Seattle in October-Ncvember 1963. While, from these papers, there
is a measure of agreement upon some important aspects there is discrepancy uvon other
issues.

For the purposes of this paper, an attempt will be made to summarise the situation
as it appeered to be about mi1d-1966. It 1s convenient to do this by considering
metallurgacal aspects and chemical aspects separately.

3.1 9etallurgical Factors

A prime interest has clearly centred around alloy composition and, although by far
the majority of investigators lcoked solely at titanium alloys containing sluminium,
there is an unavoidaple conclusion that, in titamium all.ys containing aluminium, it
is through aluminium that the effect operates, with tin r2ving rLossibly a secondary
adverse influence. Thus the most susceptible alloy appears to be T:-5%Al-2%6Sn.

There appears definite evidence that the higher the aluminium content the mcre suscep-
tible the alloy, but any attempt to assign a limit to the maximum aluminiuw content 1is
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difficult because of the influence of other elements added to maintain high mechanical
properties. Commerc:ally pure titanium appears to be immune and alloys not containing
alumininm such Aas Ti-15%Mo, hot salt tested at [.M.I. Research Department, Wittonm,
have not cracked. The¢ € is some evidence that, even when alumi.ium is ss high as 8%,
an alloy cap be rendered less sensitive by additions of vanadium and molybdenum and
possibly z:irconium. More then wne research team reporis least sensitivity in
Ti-6%A{-4%V but the alloy I.M.I. 879, containing 11Sn-2, 25Al-5Zr-1Mo and 0.2S%, is
considerably less sensitive than the Ti-8%Al-4%V (Ref.10). Lowering aluminium content
to the order of 2% and adding 4% each of molyhdenum and zirconium prcliuces an alioy
izmune to cracking when tested at apout 25% of the yield stress at 800°F (427°C) for
200 hours.

When cracking occurs it can be el)ther intergranular or transgranular in hLabit and,
in view of the fairly positive influence of aluminium in respect of crecking, it was
tc pe expected that evidence of segregation in sosme form would be sought, either simply
as ordering or even as precipitation in compecund form. This is one of the aspects in
which the evidence is confusing but, in spite of the contradicticns produced in attempts
at factual analyses of the metallurgical situation, the overall impression to be gained
ic that some concentration of aluminium has taken place in crack-sensitive regions, and
it seems pos: ible that if this is precedsd or accompanied by one c¢f the “protective”
eiements, e.g. vanadium or mulybdenum, the sensitivity in that region is lessened.
This situation with aluminium and desensitising elements as alloying additions to basic

metals other then titanium :s not unknown '!, for example with aluminium bronze.

The intergranular and transgranular habit of cracks appears to he related te the
microstructure in that, for alpha alloys, cracking is usually intergranular and, for
%~ allvys, transgranular across the beta phase. Although, however, the pattern is
fairly well established, 1t does not seem significantly to affect sensitivity to
cracking. Thus Ti-6%A[-4V, an alpha-beta alloy, is rated by most investigators as
good but it is inferior to largely alpha phased IMI 679, while Ti-5%Al-2hSn, also
an all alpha alloy, is one uf the most sensitive. Where two phases exist evidence of
the influence of the type of microstructure, e.g. presence of an acicular phase or of
“basket weave' structure, is conflicting and no very positive trend has so far been
shown tec exist.

3.2 Wechanism of Fallure

The chemistry of the corrosion proces< taking place when hot salt reacts with
titanium is complex and there are discrepancies and contradictions between results
ootained by various teams whc have attempted to identify a specific corrosive agent.
Some investigators find that natural sea salt, containing magnesivm and traces of
other halides as well as chloride, 1s more zggressive than pure sodium chleride, but
the reverse has also been reported and the overall picture seems to be that differences
arising from the sovrce of chloride are nct significant.

it zeems to be logical to assume that sodium chloride in solid or molten ferm would
have to react to produce some further aggressive radicie which could then selectively
react to initiaste a crack and then continue to provide the corrodent to propagate the
cracking process.

Cre fairly clear feature emerging from this part of the work appears to be that
th oxygen and water are necessary as well as salt. The reactien prodacts that could
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then be fcimed at elevated temperatures are gaseous chlorine, hydrochloric acid, hydrogen,
titanium dichloride, aluminium chloride, caustic soda, titanivm dicxide and sodium
titanate, so that it is not surprising that discrepancies in delecting one or other of
these have Deen reported. There is even argument as to whether the aggressive radicle

is gasecous, solid or liquid.

Attempting to summarise this complex situetion, and believing, from s~e of the
asvailable evidence, that this stress corrosion process is mainly electrochemical in
character, the author of this paper believes that the aggressive radicle is liquid,
but that this could include moist gaseous chlorine. A titanium alloy surface that hes
been fractured at elevated temperature is certainly very reactive to hct salt and, in
the I.M. 1. Research Department, Witton, newly fractured surfaces covered with a film
of liquid have been literally seen to “fizz’' and the gas evclved was identified as
chlorine in so much as it bleached l:tmus.

Some medificatic.. of the electrochemical mechanism has been put forward by vne or
1= investiga.ors who believe that hydrogen plays a part in producing embrittlement.
Hydrogen cou.d, of course, be produced by reaction between titanium and hydrochloric
acid: at elevaied temverature it would diffvse and, if present in sufficient quantity,
it would precipitate in alpha phased titanium as brittle acicular hydride. To the best
of the author’s knowledge, no one has produced evidence of hydride in a hot salt cracked
specimen, but it could be argued that the hydride is too small to be seen at normal
magnification. More factual evidence is therefore required to substantiate embrittie-
ment by a hydriding nechanism.

3.3 Influence of Temperature

¥hatever the chemistry, the cracking process is accelerated by raising the temperature
but there is a lower limit below which the effect will not occur in a reasonable time
and there is also probably an upper limit in which severe cerrosiop occurs without
giving rise to cracking. These limits appear to vary according to the ailoy; the
lowest figure of 400°F (204°C) has been gucted!? for Ti-B%Al-1%Mc-1%V stressed at
50 ksi® for 5000 hours while figures of 800°F (427°C) and 1100°F (593°C) have been
quoted for various allcys as the upper limit, beyond which cracking does rot occuri®.

3.4 Influence of Stress

Cracking is, of course, dependant upon level of stress, but several workers have
produced curves of stress against temperature indicating a threshold condition below
which fracture does not occur in a reasonable time - say 100 hours. 1In one series of
tests, limiting stresses at 800°F (427°C) appeer to be of the order of %0 ks1 for
T1-6%A1-4%V, 23 ksi for Ti-8%Al-14Mo-1%V, and 40 ksi for IMI 679 (Ref.10).

3.5 Recommendations

Faced with all the conflicting evidence upor the causes of cracking, the user of
titanium alloys could hardly be biamed for taking the philosophical view that the
primary chemistry scarcely matters. In any eveat it is most unlikely that the chemical
aspect could be controlled - as it can be with chlorinated hydrocarbons — althcugh sal?
on runways could be inhibited - sv that tne remedy is much more likely to be found by

* ksi = 1000 1b/in®.
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control of the metallurgy of the alloying system. Some encouragement can be gleaned
from the fact that no failure has yet been reported from service and a clue to the
reason for this is found in reports from several contributors to STP 397, who have
found that by cyclic temperature testing susceptibility to stress corrosion cracking

is virtually eliminated. This is probably because any corrosion initiated at elevated
temperature is stifled when the temperature is lowered and that while, upon reheating,
corrosion may start again. it does so at a fresh site, This often applies to pitting
corrosion in a variety of metals and could well happen in service, with titanium alloys.

Apart from modifying the metallurgy of the system by addition of desensiting elements,
it should be possible to protect the titanium by some form of surface treatment or
coating. For the simplest surface treatments, e.g. shot-peening, or anodisirg, only
merginal benefit is reported and it seems probable that more substaniial, non-porous
pbysical barriers will be necessary. Aluminium dip coatings and nickei plating are said
to be effective. Flame spraved zinc, although porous, showed evidence of being bene -
ficial and thiswould appear to operate via an electrochemical mechanisc.

To conclude the summary upon this field 5f enquiry it is pertinent to observe that,
while it 1s unfortunate that hot salt stress cracking has provec¢ to be specifiz for
aluminium, the one element added for strength purposes to most titanium alloys used in
aircraft, it is encouraging to suggest that suitable remedies, either in the form of
further alloying elements or as coatings, may well become available before a serious
practical hazard arises in service.

4. STRESS CORROSION IN SALT WATER AT
AMBIENT TEMPERATURES

In any metal-corrodent system known to produce siress corrosion cracks, there is
always a time delay between the first application of the tensile stress and the onset
of cracking, and this induction period can vary from a few minutes 1o & matter of hours,
days or even years, depending upon the alloy, surface treatment, etc. Furthermore with
a smooth metal surface, i.e. a surface smooth by normal engineering standards, the site
of initiation of e crack appears superficially, at ieast, to be a matter of chance.

The reasons for the variable induction period and fer the random nature of the
initiating site are largely unresclved and form the subject of much discussion that
cannot appropriately be surmmarised here. When, therefore, investigators wished to
observe directly the onset of cracking, it has long been customary to use a celiberate
defe.t, using a machined notch, at which ccmplex tensile stresses could concentrate to
ensure thet the crack would start within a selected region. The presence of the defect
also often shertened tne induction pericd. Clearly the degree of stress concentration
achieved &ty this means #ill be reiated to tie depth of mechanical defect and the
contour at the tip. These parameters will inevitably vary from investigator to
investigator and it is not surprising ihat wide discrepancies in results have been
reported.

This form of test acquired a new aspect when B.F.Brown'“:!®> developed a modified
form of stress corrosion test by sharpening the notch by producing a fatigue crack
from the base of a machined notch and using this fine, searching crack as the stress
raiser from which, under static tensile pull, s stress ccrrosion crack could propagate.
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It is argued that this procedure completely eliminates the induction period normally
involved before a stress corrosion crack initiates at a normal smooth surface.
Addi{ionally, however, it is claimed that stress at the root of this type of defect
can be treated mathematically after the manner ot defects used for investigation of
fracture toughness.

In the operation of this test a pre-cracked rectangular specimen is fractured by
cantilever loading, first in air and then at various lower loadings when immersed in
the saline solution at room temperature. The breaking icads are treated by the Kies!'®
equation to provide a factor known as stress intensity, K , having the units
ksiv (inches) . K is plotted against time until the falling curve becomes asymptotic
or near asymptotic with time, and the threshold value of K, 1is known as szcc s
i.e. the limiting stress intensity for stress corrosion. In attempting to evaluate the
relative susceptibility of a range of alloys, however, the important feature is the
extent of the fall in K, between the air value and the K ... value.

Although pitting corrosicn and crevice corrosion of titarium had been previously
noted in dilute sodium chioride!’, this was elways at temperatures in excess of 248°F
(120°C) and until the development of the Rrown test there had been no evidence of
stress corrosion of titanium and its alloys at ambient temperatures in neutral saline
solutions.

Compared to investigation on hot salt cracking, only a limit2d amcunt of work has
beer reported for titanium alloys using this type of test. One comprehensive series
of tests!®? indicates that the trend closely follows that reported for hot salt cracking
in that titanium alloys containing aluminium are sensitive but that sensitivity could
be eliminated by an addition of molybdenum or vanadium. There are, hoxcver, dis-
crepancies between this work and results reported by another irvestigator who finds
that, in certain sheet thicknesses, Ti-6%A[-4%V and Ti-8%Al-1%Mo-1%V are .:nsitive.
There is even some discrepancy in oehaviour of commercially jure titanium. One further
additionel piece of information available from published work on cracking in sea water
is that Ti-8%Mn is sensitive to thLe effect, in addition to Ti-Al alloys.

Microstructure appears to exert more influence than it dces in hot sait cracking
and structures having fine districutions of alpha appear to be less sensitive than
alpha structuves or coarse alpha-btcte structures; hence heat treatment can be expected
to exert some effect on the result. Crack habit seems to be angular but transgranular
in both alpks and beta phases.

The validity of the Brown test and its relation to any service failures that »nay
eventually be encountered is likely to be vigorously debated. The test 1s fairly
subjective in that a fatigue crack has to be stopped within certain limits, and results

are certainly influenced by the size and form of test piece used and the rate of loading.

To obtain useful results the pre-cracked specimen has to ruptuare quickly once cracking
recommences under static loading and the fracture is then deemed tc be “brittle’.
Indeed, thers are some grounds for calling the effect “wet fracture toughness’’ rather
than stress corrosion, but the fact that a cerrodent such as sea wafer causes a sig-
nificant lowering of the K, value when ocmperad tu the value obtained with distilled
water is inescapablz2. The form of test-piece is important and, for example, for a
rectanguler bar in Ti-8%Al-<4V measuring 5 in. x 1in. » 0.41n.. 1t is essential to
machine side notches, in line with the primary notch, to ensure that “brittle” fracture
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will occur. Even with this precaution it is necessary to repeat the test several times
at each K, loading and to average the results, to obtain each point in the curve with
any precision.

The strong arguments in favour of the Brown test are that it may give to the design
engineer an indication of the depth of mechanical defect fr:a which a crack will or
will not propagate and that any material ziving favourable results in the test will be
safer than one giving less favourable results.

Against this the view has to be recorded that, in practice, natural defects, not
necessarily visible at normal magnification, are sometimes more potent in initiating
cracks than mechanical) defects and the test does not take these into account. There is
also evidence that intermittent imposition of static stress is far less dangerous than
continuous application, in that crack initiation may stifle and not re-start in the
same place; even the tips of fatigue cracks have been reported to be insensitive to
initiation of stress corrosion. Results of the Brown test may well therelore place an
unrealistic restriction upon the selection of materisls, perticularly when no definite
line can be drawn between apparently susceptible and non-susceptible materials.

3. DISCUSSION

The stress corrosion tendency of titanium alloys in the three environments, i.e.
chlorinated hyc.ocarbons, hot dry salt, and agqueous salt at ambient temperature, can

perhaps best be discussed by considering initiation and propagation of cracks separately.

From the hapazard nature of initiation, it seems very probable that the process
requires the presence of active subwmicroscopic sites et the sur-sce. Various reasons
have been put forward for the existence of such sites; emergence of slip planes, pile up
of planar arrays of dislocations at emergent barriers, such as stacking faults, the
microscopic precipitation of hydrides and the lowering of surface energy locally. It is
very probable that activity at a particular place is related to the degree of imposed
strain. The fact that stress corrosion occurs virtually solely in al'oys (even very
dilute alloys), and not in pure metals, gives risc t~ the suggestion that there is
diffusion of a corrosion-sensitive solute element to tre sensitive site and thai there
is & connected path into the body of the meisl. Since the metal is usually c:vered
with protective film, coincidence is probably needed hetween some sort of defect in the
filmp and in the metal surface proper. Specificity is also required in the corrodent

and it may even be that a particular corrodent is specific only incertain concentrations.

The necessity for coincidence in all these parameters would account for the haphazard
nature of initiation.

Many of the features thrown up in this review of the large amount of reported work
on stress corrosion of titanium alloys fit well into this broad picture. In all three
environments and circumstances that result in cracking there seems to be a clear
connection with the presence of aluminium, although diffusion of aluminium to particular
sites has not been categorically proved. Assuming that attack by hot sall increases
with increasing temperature, there is evidence of specifici*y within that -particular
environment, since orne author in STP 3%7 reports an upper temperature limit at which
hot salt cracking is replaced by more general corrosion'®. This situstion, where a
critical concentration for cracking can be exceeded, is known in other metal systems,
e.g. brass and sulphur dioxide and brass and ammoria.

T T AL
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¥Where the aggressive quality in the corrodent can be controlled, this will remedy
the situation and the results of the work with chior’nated hydrocarbons demonstrates
this.

To some extent surface sensitivity can be controlled mechanically, ¢.g. by shot-
peening, but, of course, tre effect of this can be nullified by high stresses imposed
in service Some control of surface activity could probably be acnieved by mcdification
of surface potential electrochemically, and this may well have been achieved by the good
preliminary results reported in hot salt expusure for zinc coatings, even though these
were porcus!®. Impervious coatings, e.g. nickel, will isolate the titanium alloy
surface from the corrodent and, provided they have the necessary abrasion oxide“ion and
corrosion resistance, these would prcvide an obvious remedy.

Tn the Brown test, the incidence c€ natural stress vaisers at the surface is avoided,
bat here it couid be ergued that the metallurgically disturbed zone in advance of the
fatigue crack creates its own local sensitivity.

When the crack nropagates from the region of initiation into the metal, it is a moot
point whether it follows an existing active path or whether an advancing sensitive zone
precedes the growing tip of the crack. Evidence from transmissior electron wmicroscopy
produced by Nutting and others suggests that planar arrays of dislocations piling up
at stacking faults, slip planes and even grain boundaries c¢onstitute a pre-sxisting path
and ithere has bee: argument as to whether there is diffusion of & solute element to
such sites. The parallel experience, upon reactivity of aluminium alloys and titanjum
alloys contsining aluminium when exposed to chlorinated hydrocarbons, might be held to
support diffusion of aluminium in the titaninm alloys and its preferential reactivity
or dissolution in all the environments.

The influence of molybdenum and vanadium in countering zensitivity to stress corrosion
seems to be fairly positive. Presumably these elements couid function in either blocking
off sensitive zones or by affecting the physical metallurgy, e.g. altering the stacking
fault energy and the distributizn of dislocations. One of the authors in STP 3¢7 does
in fact produce evidence obtained br micro-probe analysis indicating some segregation cf
molvbdenum, vanadium and aluminium, but more evidence would be required before there is
procf that the cracking could be avoided by control of diffusion or segregation of
aluminium. In the stress corrosion field in general there is mounting evidence that,
if it were possible to control the dislocation distribution to produce tangles, instead
of planar arrays, this would go & long #ay towards alleviating this hazard. It should
be noted, however, thst there are systems havu.g planar arrays that do not stress-
corrode.

This physical metallurgy approach is an aspect that should be explored in still more
detail by further use of high power transmission microscopy and modern physical methods
of analysis. Such investigation might also prcduce explanations for the discrepancies
thrown up by the various heat treatments.

The majority of investigators clearly believe that actual propagation of th~ cracks
proceeds by an electrochemical dissolution, but one schocl of thought <uggests that
hydrcgen plays an important part and that part of the cracking process could be true
brittle fracture. If hydrogen is generated at the root of a crack and diffuses 1nto
the mets] in sufficient guantity, it could obviously produce brittle hydride. The
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extant to which 1t would do this would depend upon the micro-structure and the
proporcion of alrha to beta. Hydrogen is much more soluble in the beta phase than it
is in the alpha and, if hydrogen were a significant factor, it would be expected that
alpha alloys would be more susceptible than beta or alpha-beta. The evidence here is
confiicting for hot salt exposure, but in sait water alpha alloys appear tc be more
prone, if sufficiently stressed.

It is doubtful whether precipiiated hydride has ever been recognised in these
stress-corroded alloys at normal optical magnifications, but Scully and Sanderson??
nave reported the presence of hydride at very high magnification by transmission
microscopy. The material was thin foil Ti-5%Al-24%Sn which had been thinned by
chemical and electropolishing and then stress cracked in 3% sodium chloride without
notching. No cracking was observed with unpolished materiais and it is probable that
tne hydride resulted from the polishing resction. Here again more evidence is required
before hydrogen can be deemed tc play a significant part in the initiation and propaga-
tion of stress corrosion cracks in these alloys.

6. CONCLUSIONS

1. Titanium alloys containing aluminium are susceptible to stress corrosion in some
unstabilised chlorinated hydrocarbons and in hot salt, provided sufficiently high
stresses are jmposed.

2. In titanium alioys containing aluminium, a fatiguc crack can be propagated hy =tatic
stress in salt water at ambient temperature, again provided the applied stress is
sufficiantly high.

3. In all three media there are threshold stresses belowx which the effect will not occur.

4. The stress corrosion effect is promoted by the presence of aluminium and suppressed by
the presence of certain other elements, e.g. molybdenum and vanadium.

5. In certain circumstatnces the stress corrosion can be suppressed by inhibiting or
stabilising the corrodent, e.g. trichlorethylene.

6. The operating mechanism has not been fully elucidated, hut the parallel effects
observed in all three environments suggest there is a common crigin. It is probable
that the actual cracking proceeds by &n eiectrochemical mechanism but hydrogen may
play some part.

7. The remedies arellikely to lie in some form of modification to the metallurgical
structure but, provided it is acceptable from other aspects, a surface coating might
provide an answer, and there are some circumstances when modjification of the corrodent
can ve employed.
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TABLE I
Type of Chlorinated Effect on Loop Specimens
flydrocarbon Temperature of Ti-5%Al-2¥2Sn
{unstabilised) {100 hour test)
Trichlorethylene (C,HCI,)

Vagour 88°c cracked

Liquid 20°C not cracked
Carbon Tetrachloride (CCl,)

Vapour 76.17°C cracked
Perchlorethylene (C,Cl,) 109°C cracked
Chloroform (CHC!,)

Vapour 61°¢ not cracked
Methyl Chloreform (C¥,CCl,) 100°C cracked

20°C not cracked
Orthodichlorobenzene (C,H,CL,) 179°C cracked
TABLE I1I

Susceptibility of Titanium Alloys to Stress Corrosion Cracking in

Unstabilised Trichiorethylene.

Total Testing Time 100 hours.

Titanwun Alloy Nb.7:{t§Zf:;mens No. Tg;jz::;mens
Commercially pure Ti 20 0
Ti-5%Al-24%%Sn 40 40
Ti-4%Al-4%Mn 8 8
Ti-2%A1-2%Mn 0
Ti-6%-Al-4%V 20 7(0)
T1-2%Cu 20 c
Ti-0. 2%Pd 20 ]
Ti-15%Mo 20 1)

(a) Approximately half the specimens in each material were welded.

‘®) only welded specimens cracked.
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TABLE I1I

Comparative Stress Corrosion Results Obtained With
Ti-5%Al-2¥%Sn Alioy Exposed to Unstabilised and
Stabiiised Trichlorethylene and Methyl Chloroform.

Trichlorethylene Methyl
Chloroform
Unstabilised Stabilised Stabilised
No. of
specimens 40 89 20
tested
No. of
specimens 40(®) ALY 0
cracked

(a) All specimens cracked in a time of between % hour and 22 hours.

(b) Only 7 out of 40 welded specimens cracked and none cracked
before 19 hours, while some cracked only after 350 hours.

VI-17
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Specimens of Ti-5%Al-2W%Sn stressed and exposed to unsiabilised
trichlorethylene vapour

Left - Specimen unwelded but heat treated to simulate
welding cycle. Unbrcken after 850 hours

Centre - Specimens welded in geuge length; fractured after
and Right 15 minutes and 55 minutes
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Unwelded Ti-5%A:-2%%Sn exposed to boiling, unstabilised trichlorethylene
cracked in 30 minutes (x 6)

Transgranular nature of cracks in stressed Ti-3%Al-244Sn exposed to
unstabilised trichlorethylene (- 150)
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Fig.4 Alternative method of stressing specimens for stress corrosion test (» 1%)
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DISCUSSION ON PAPER BY J.B.COTTCN

Three speakers, Mr W.W.Minkler, Mr W.L.%illiams and Professor H.U.Zwicker, made
comrents at length, and these were followed by & general discussion.

Mr Minkler said that a reading of recent technical literatnre might suggest that
titanium parts in aircraft were failing by SCC with alaming frequency; in fact the
s_.tuation was not nearl!v sc bad. The following eight instances were, Mr Minkler
believed, the only doc 2nted fauilures in ten years.

Aerospace MPardware Failures due to Stress Corrosion

1957-1966

Alloy Item Wedia and Temperature
Ti-5A1-2.58n Missile Tank Chlorinated Diphenyl, 375°¢C
Ti-6Al-4v (STA) LEM Oxidizer Tank Nitrogen Tetroxide. 40°¢
Ti-6Al-4V {(STA) Apo'lc Tankage Methyl Alcchol. 21°C
Ti-6Al-4V (STA) Miputeman Case thlorides, 816°C
Ti-7Al- Mo Coupressor Disk Siiver + Chloride, 482°C
Ti-84l- Mo-1V Oompressor Blade Chioride, 482°C
Ti-4Al-4Mn Compressor Disk Cadmium, 303°C
Ti-5Al-2.58n Compressor Case Weldments Chlorides, 3816°C

Most of these instances were easily cured:-

Nitrogen tetroaide, increase water content and reduce N0, content,
Herhyl alcohol, increase water content to above 1%,

Chloride attuck, avoid or remcve chiorinated cutting fiuids or chloride comtaining
sclvents before stress relieving or hot formirg,

Cadmium, avoid contact with cadmium at service temperatures above 149°C,

Stiver chloride, avoid the use of silver on wheel-spacer fasteners. Any one of these
failures conld have been predicted from a simple test using a notched beam bent beyond
the yield -tress.

¥ucn laboratory work had shown that hot salt SCC zould occur at temperatures as low
as 26097 ney~rihieliss no failures had been met in engine parts operating in a marine
environment at texperatnres angd stresses =hich cause consistent failure in laboratory
tests. It was not clear why the lgboratory test gave such pessimistic resalts; in
snrvice, parts opersted in moving air, possibly damper than in the laboratory, and
stress and teaperature were intermittent, and perhaps one of these differences caused
the discrepancy.

A similar discrepancy between test and service existed with regard to salt water
environments. The tw0 most common alloys used in ajrcraft had been Ti-5Ai-2%Sn and
T -84n. The threshoid atresses for failure of centre fatigue cracked specimens were
reduced by 3.5% sodive chloride solution from the value in air of 10G ksi to 33 ksi
for the $A.-2%3n siloy, and from 110 ksi to 27 ksi for tiae 8Mn alloy. Desplte these
alaming figures, nn problem had been repcrted fror service.

i




Although no problems had arisen in service from hot salt corrosion or loss of
fracture toughness in aqueous chloride solutions, choice and treatment of alloys were
influenced by the results of laboratory tests. Alloys with SCC properties poorer than
Ti-6Al-4V or Ti-8Mn-1Mo-1V would not be used unless there were some overriding advantage.
A hot salt test had been included in specification AMS4910C for Ti-5Al-2%Sn. Hot work-
ing and heat treatment cycles were modified to give greater resistance to SCC. Fear of
SCC sometimes led tc unneceesary sacrifice of mechanical properties or density.

Much fundamental work on mechanisms was in hand, and a study was being made of the
actual salt exposure conditions to which engines and airframes were exposed in service.

Mr Williams quoted work by I.R.Lane in his iaboratory which showed that resistance to
SCC depended not only on nominal composition but also on exact composition, mill
processing history and heat treatment. In 2lloys conteining aluminium, SCC properties
depended on the amount of T13Al present, its Jistribution and the magnitude cf coherency
strains caused by it, &ll of which were affected by heat treatment. Lasne had carried
out tests on precracked cantilever beams in air and in seawater on Ti-7A41-2Nb-1'fn and
had interpreted the results in terms of recently published work by F.Crossley on the
Ti-Al phase diagram from which it had been concluded that the T13Al field extended
further into the Ti rich end of the diagram than had been supposed (4 wt % as against
7.5 wt %), and that the partition of the aluminium between aipha and bets phases due

to thermal history in the slpha-beta field was difficult to erase by subsequent thermal
treatment below the alpha-beta field; both conclusions led to the pelief that TiaAl was
more coamon in Ti-Al s2lloys than had heen supposed.

Lane lound that seawater reduced the streagth of the Ti-7.2.1 alloy delivered from
the mill, to 45% of the air strength. Water auenching from a temperature above the
alpha—Ti3Al field, however, gave almost complete immunity to SCC, but ageing at 593°C,
or slow cooling from above the alpha-Ti Al field, caused return of sensitivity to SCC
due to the rapidity of formation of TiaAl. Furthermore, the partition ¢f aluminium
during holding within the alpha-beta field depended on the exact temperature of holding;
less susceptibility to SCC was observed after holding at a temperature near the beta
transus, for this gave a low-aluminium patrix and a smaller amount cof material enriched
with aluminium.

Purther work by Crossley, as yet unpublished, dealt with the effects of third elements
on the Ti-Al system. It was concluded that (i) ternary additions had an effect on the
extent of primary alpha in Ti-Al-X alloys; tin increased the range of solubility, while
oxygen, Zr, Nb, Mo and V decreased the solubility in the 700-800°C range, (ii) below
700°C, Mo and V appeared to increase the amount of Al needed to produce T13Al.

(1i1) precipitation of T13Al in A! binary allcys and in ternary alloys containing
oxygen and Zr took place preferentially at grain boundaries, whereas in ternary alloys
containing isomorphous beta stabilisers, ther~ was no evidence of preferential pre-
cipitation at grain boundaries, anrd (iv) Zr, Nb, Mo and V make the precipitation of
Ti,Al more sluggish.

The sbove conclusions explained the excellent behaviour of the alloy modified by
decreasing the aluminiur content from 7% to 6%, and adding 0.8% Mo. The new alloy,
Ti-6.2.1M0 showe” no susceptibility to SCC in seawater after nommal mill processing,
after ageing at 593°C, and after welding. Furthermore, the corrosion fatigue strength
in seawater was the same as in air, whereas that of the Ti-7.2.1 alioy was reduced,
and the rate of propagation of a corrosion fatigue crack in the low cycle range was an
order of magnitude less than that of T{-7.2.1.
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Professor Zwicker spcke of stress cracking at elevated temperatures in resa.ion to
cemposition and metaliurgical condition. He pointed out that cracks formed on titanium
alloys during creep tests at temperatures in the range 450 to 550°C in air without sslt.
In annealed alloys a few cracks formed and propagated along the alpha phase at grain
boundaries to give a brittle fracture, for example Ti-6Al-4V extruded and annealed for
2 hours at 700°C and tested at 450°C under a stress of 47.5 kp/mm2 (30.2 tons/inz)
started to crack after 760 hours wnen the elongation was 8% Alloy Ti-9A1-3V failed
similarly with even iless elongation. If, however, the grain boundaries were broken by
cold working, cracking occurred only as many noa-propagating surface cracks, and final
failure was ductile. The shape of tnese non-propagating cracks depended cn the com-
position, being wave-like in Ti-6Al-4V and straight in Ti-9Al-3V. The benefit of cold
working in these creep tests seewmed analogous to that of shot-peening in preventing

the hot-salt cracking of Ti-8Al-1Mo-1V alloy.

Following reports that the metal at the surface of cracks formed during bot salt
stress corrosion tests was enriched in alloying elements, in Al and Mo in the
Ti-8Al-1Mo-1V alloy aud in Al in the Ti-6Al-4V alloy, Professor Zwicker’'s laboratory

had investigated the segregation of aluminium in the surfaces of a range of Ti-Al-X
alloys hested to 550 to 600°C for 3U0-170 hours.

Microprobe analysis showed that alloys Ti-5Al-2%Sn, 6Al-4V, 7TAl-4¥o, and 9Al-3V
became enriched in aluminium in the surface, to the extent of 28% wt in the 9Al-3V alloy,
the maximum sclubility in the ordered hexagonal alpha phase. This enrichment led to
susceptibility to cracking and to SCC. In the Ti-3Al-16V alloy, on the other hand,
aluminium was depleted at the surfare brt in the oxide layer it was enriched and aiso
in the alpha phase of the grain bounde, ies. It was concluded that aluminium diffused

mainly along the grain boundaries to the surfacz and into the oxide layer, which,on
this alloy, grew rapidly.

The diffusion of alumirium in the aipha plates along grain boundaries in the alpha-
beta alloys explained the susceptibility of the boundaries to cracking as found in
annealed alloys. This effect, and the surface cracking in cold-worked alloys. might
be much accelerated py salt attack. It was conciuded that alloys low in aluminium
(< 4%) should be sought, with creep strength imparted by 2Zr, Mo etc.

Dr 3.T.Scully spoke aguin of his ideas that SCC occurred when the passive film was

-roken and did not reform quickly It was difficult to start cracks in titanium even

by straining it in ascidified sea iter. To overcome the very rapid repassivacion, fresh
surfaces must be created faster than passivation took place. fhis could be done if a
hydride film, formed by hydrogenatior, were ruptured by straining in seawater.
Alternatively, if an untreated strip were strained very rapidly in seawater, hydride
formed and cracking started. He visuaiised a continuous formation of hydride at the
crack tip; precracking was nct essential. The hydride phase was very small; fractographs
of specimens strained in air, water, or methanol revealed that hydrides of size < 0.1

micron formed on slip planes within seconds, causing transgranular brittle fracture in
seawater.

Aluminium raised the ratio ¢/a of titanium, and thus increased the chance of forming
hydride; it alsc reduced tne readiness of titanjum to repassivate. In the Ti-5Al-2%Sn
alioy the grain bonndaries were active; in this alloy rapid transgranular SCC could
occur due to formation of hydride, and slower intergranular failure.
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Mr Waller asked whether Mr Cotton’s specimens for stress corrosion tests in chlorinated
hydrocarbon soivents and salt solutioi “ad been passivated. In the USA passivation

in mixed acids was always applied; passivation esffected the SCC properties of stainless
steels. Wr Cotton replied yes, in a nitric-hydroflvoric acid pickle which gave a
passivated surface. Referring to Mr Minkler s instances of failure, he said he had

not covered cracking in methanol in his paper, as he thought it irrelevant to aircraft.
If the methanol were redistilled to very high purity, he believed it would not cause
SCC. Mr %aller then referred to Dr Scully's hydrides and asked, what about dissolved
interstitial hydrogen? Dr Scully replied that the hydride precipitate was interstitial.
In his work on thin films, the metal was saturated with hydrogen as well as containing
precipitate. Aluminium increased the golubility of hydrogen and also increased the
size of the hydride vrecipitate. Dr Phelps supported Er Scully’s ideas on the import-
ance of the rate of repassivation. In precracked bent beam tests on Ti-7Al-2Nb-1Ta in
salt water, the results depended on whether the salt water was added before or after
the load was applied. If the specimen were stressed in air below the threshold, salt
water added, and then the stress increased, rapid failure occurred. If, however, the
total stress were applied first and salt water then added, the properties were the same
as in air. It was clear that the stability of the oxide film was very important; some
alloying elements might act favourably by accelerating repassivation.

Professor Nutting spoke of the ro:e of aluminium in titanium alloys. Some people
supposed that the distribution of dislocations had no effect on susceptibility to SCC,
but this was wrong. Aluminium in solid sclution lowered the stacking fault energy and
the dislocations became straight; this led to susceptibility to transgranular cracking.
He thought that Crossley’s Ti-..l phase diagram quocted by Mr Williams was thermodynami-
cally uniikely arnd was incorrect. The effects found were probably due to ordered
domains in the Ti-Al system, not to precipitate. It was these domains which lowered
stacking fault energy and straightened dislocations. A precipitate would lead to
intergranuiar cracking, which was not observed.

Mr Minkler seid that in fact most experts in the USA would agree with Professor Nutting;
and Mr Williams himself agreed that ordering could occur.

¥Mr W.K.Boyd supported Dr Scully's hydrides; he had propagated a crack by low stresses
in an atmosphere of hydrogen. He added that TiaAl could not be the only cause of sus-
ceptibility to SCC because the Ti-8Mn alloy was also susceptible. To this Professor
Nutting added that manganese would also be expected to order and to give the same
effects as aluminium.

Mr Cotton thought that theories of the mechanism of SCC in titanium alloys had become
too inflexible. Hydride formation was surely not the only mechanism. He had found
SCC in highly purified CCl, and C,Cl, which contained no hydrogen. Those who believed
only in a hydride mechanism would have to accuse him of having undetected and perhaps
undetectable impurities in these sclvents.

Mr Williams concluded the discussion by agreeing with the stutement in Mr Cotton’s
paper that the phenomena shown by precracked bent beam tests in salt water were “wet
fracture toughness' rather than SCC a&s normally understood. Any wmodification which
reduced the fracture toughness in air reduced the deleterious effect of seawater. He
again emphasized the importance 2f processing.
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STRESS CORR0SION CRACKING OF VFRY STRONG LOW-ALLOY
AND MARAGING STEELS: LABORATGRY ASPECTS

Leno Matteoli and Tullio Songa

1. INTRODUCTION

For some decades steel manufacturers have made available low-alloy steels, of tensile
strengths of more than 140 kg/mm2. having adequate toughness.

These steels are of great interest for the use in all cases requiring materials with
high strength/weight and strength,volume ratios, as in the aerospace industry. Even
mcre valuable are special steels with a high nickel content and with tensile strengths
of 210 kg/mm® and more, the so-calicd “maraging” steeis.

All these materials, and low-alloy s=teels in particuler, have low corrosion resistance
and they must, therefore, be couveniently protected. Unfortunately some treatments for
surface finishing, such as pickli=g or electroplating, as well as cathodic protection,
a8y cause the formation of cracks in these materials, under the action of external
mechanical stresses or even, of internal stresses.

In addition, these materials show failures if they are exposed, under load, to
different environments, such as chloride solutions or moist air.

In ¢he case of failures in these materials after pickling or electroplating, or with
cathodic protection, the failures can be clearly attributea to hydrogen embrittlement.

The causes of failures which take place in these materials when they are exposed,
under load, to some corrosive environments, are still under discussion. In particular,
it must be determined whether these failures snre caused by stress corrosion cracking
or if, and to what extent, they are also csused by hydrogen embrittlement.

Before examining the available data on this complex problem, a short review on the
characteristics of the steels under discussion will be given.

2. MECHANICAL AND METALLOGRAPHIC PROPERTIES OF
HIGH STRENGTH CONSTRUCTIONAL STEELS

Constructional high strength steels can be divided in three main groups:

{i) Heat treatable low tempered CrNiMo steels and similar kinds' these are ccn-
ventional materials such as AISI 4340 or UNI 40 NiCrMo7. For these particular
applications they are subjected, however, tc a tempering treatment at a
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sensibly lower temperature than that indicated in conventional use. In fact,
while in these last cases tempering temperature is choszn between 600° and
630°C, 1in use for high strength parts the tempering is carried out at
temperatures even below 200-250°C, so as to obtain a tensile strength even
higher than 200 kg/mm®. ‘The structure conaists of low tempered martensite in
which precipitated carbide is seldom resolved with an optical microscope.

(11) Chrome steels of the Hl1l, H13 type, corresponding approximately to UNI UX
35CmMo5 and UX 35CrMoVS steels: these steels have been used for a lung time
as hot-working tool steels (e.g., dies for die casting, for plastics, etc.)
and their employment as high strength constriucticnal steels is comparatively
recent. They are tempered, after martensitic hardening, at temperatures
around 520°C: by suitably choosing the tempering temperature between 510 and
650°C, tensile strengths between 140 and 210 kg/mm® can be obtained (Fig.1).
Their structure consists of tempered martensite (Fig.2) with dispersed fine
carbides n.ar undissolved carbides and they owe their properties, at least
in part, to phenomena of secondary hardening for precipitation of carbides
during the itempering (e.g., MO,C and V. C,, Figures 3(a) - 3(b)).

(i1i) Maraging steels. These are iron alloys with a high nickel content (18, 20
and 25%) and other alloy elements, with ard without cobalt, characterised by
an extremely low carbon content (0.03%). Their microstructure consists or a
comparatively soft martensite (diffusioniess transformation of solid solution
without interstitial elements) hardened with a successive treatment of pre-
cipitation hardening. Their tensile strength varies, according to type and
heat treatment, between 130 and 210 kg/mmz. with good ductility and toughness
charecteristics. These preliminary remarks show that all these materials have,
a8s & common property, a martensitic structure, modified to a greater or lesser
exteat by tempering or ageing treatments. A study on stress corrosion in
different environments cannot omit some preliminary remarks on the nature of
these materials and on the correlations between heat treatment and mechanical
characteristics: in particular, it is appropriate to draw attention to the
nature of the different kinds of martensite and to the possible effects of
various modifications on stress corrosion.

CriViMo Steels?"

Table I gives the composition of some steels of this family. They are medium-alloy
steels usually employed as heat-treatable steels. The carbon content, ranging between
0.3 and 0.4% (exceptionally 0.5%). allows us to obtain an interstitial mertensite,
sufficiently hard and strong after tempering: nickel and chrome ensure good hardensbility
(Fig.4), while molybdenum and vanadium increase the retardation of tempering and redu.=
the danger of tempering brittleness; vanadium, particularly, contributes co grain
refining and molybdenum is an effective antidote to tempering brittleuaess.

For correct use of these alloys as high-strength materials, we must remember that a
low-temperature tempering can bring very low values of ductility and in some cases can
increase tempering brittleness. Besides, these steels, after such treatment, are very
sensitive to notcn brittleness, and all this obviously reduces the size of the pieces
and their importance, without considering, of course, the difficulties encountered in
welding.
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According to Klier, however, these steels cannot be considered sensitive to brittle-
ness: the heat treatment makes them different from the same materiale treated by the
conventional process and, in use, they cannot, and must not, be judged by the same
criteria.

Much reseerch has been, and still is being, done to improve the general properties
of these steels without lowering their strength. The results obtained show that these
improvments can be obtained by operating on different factors. Specifically:

(a) Steelmaking processes (Aksoy')

~ vacuum melting,
-~ remelting in consumable electrode furnaces.

(b) Comyposition (Shih, Averbach and Cohen®?)

~ increase in the amount of carbide forming elements,
- increase in silicon and cobalt content.

(c) Mechanical and heat treatments (Warke and Elsea’")

- martempering,

- ausforming,
~ marstraining.

In Figures 5, 6 and 7 some results are collected, showing the improvement which can
be obtained by vacuum melting, in various conditions, of 4340 steel!. It is known that
these improvemeats are connected with the reduction of the inclusions and of residual
gases: sulphur and phosphorus contents allowed by the present specifications are
probably still tco high as regards the weldability of very high strength steels (Randall,
Monroe and Rieppel’a). In fact there is s danger of microcracking, due, moust proobably,
to phosphorus and sulphur segregations in interdendritic areas.

Regarding the effect of composition on strength properties, two tendencies can bhe
observed:

(1) Increased content of carbon and of carbide forming elements (Cr, Mo, V...):
this tendency has led to the development cf new types, some examples of which
are reported in Table I.

(i1) Increased percentage of silicon or alloying with cobalt: these two elements on
the one hand promote the retardation of tempering and on the other the lowering
of Ms point (Irvine, 1962): we shall refer to this again, and will discuss
methods and the mechanism of ageing the martensite.

Some of these types of steel are included in Table I: it is clear how the addition
of silicon brings about a significant improvement in strength.

Altsetter, Oohen, and Averbach? have recently pointed out that silicon in CrNiMo
steels is effective, not only because it stabilises carbon formation at comparatively
high temperatures of the third tempering stage, but also in delaying the coalescence
of cementite: silicon makes it possible, in this way, to make temperings at a higher
temperature. In such conditions there is an increase in toughness without a noticeable
lowering of the strength of the martensite.
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In relation to control by heat and mechanical treatment, it may be said th+t mar-

tempering makes the quenching treatment less sudden, reducing the harmful effects of
strong themmic gradients.

The ausforming that can be put into effect for rolling, forging, and drawing in the
metastability field of austenite (Fig.4) (austenitic bay about 500-590°C), makes it
possible to increase significantly the strength properties (Table II) without reducing
the ductility and, in some cases, even improving it®%. Figure 8 shows the variation
of the mechanical properties of one of these steels with tempering temperature, with
truditional treatment and sfter ausforming’?.

With regard to marstraining (light cold deformation after traditionel tempering),
research by Matteoli and Andreini®® has shown the following:

(a) A deformation taking place on hardened CrNiMo steels, which have been tempered

at a comparatively low temperature, causes an initial softening of the tempered
martensite.

(b) The initial hardnc¢ s 1s restored by tempering at the same temperature &s the

first time.

)
(c) The fatigue behaviour 1s, in practice, not influenced by cthe deformation of the
tempered martensite.

More recently Warke and Elsea’®® have made some marstraining tests on tso steels of
this kind, obtaining the results of Table III.

Breyer and Polakowski'® have shown that by cold-foraing (10%) an untempered martensite,
in 4340 and 4140 steels, an increase in strength up to 280 kg/mm2 with 30% reduction of
area can be obtained.

Steels with 5% Chromium®3: 77+ 82

These steels, which, at least in part, owe their strength properties to phenomena of
secondary hardening, show a noticeable temperability (Figs.9 and 10).

The secondary hardening is due to the precipltation of carbides Mo,C and V,C, during
the tempering at about 520°C. They present a significant tempering resistance (Figs. 1
ana 3).

As shown in Figure 1 {Ref.36), strength values between 140 and 210 kg/mm2 can be
obtained, according to the tempering ‘emperature (between 650 and 510°C), with resilience
and elongation values (at equal tensile strengths) exceeding those of AISI 4340 steels.
Figure 11 zhows that steel with 5% chrome does not suffer & lowering of resilience at
350°C, nor an increase in ductility around 200°C, which is ascribed to residual
austenite’®*r 82,

At equal strength, fatigue behaviour seems superior to that of 4340 steels (Fig.12).
This steel has good characteristics even at high temperatures: a steel treated for a
tensile strength of 185 kg/mm2 at about room temperature still shows, at 480°C, a
tensile strength of about 140 kg/mmz. This explains its use as & high temperature
tool steel.
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On the other hand, as a constructional steel, it can be considered, wilh regard to
hot applications, an intermediate between stainless steels and average strength steels,

because the strength/density ratio exceeds that of most steels and even that of titanium
alloys3 .

In addition, the ausforming treatment in this type of steel can rotsbly increase
the resistance properties, as shown in Table IV (Ref.95).
Maraging Steels??: 85, 11,23,99,72,97
As already mentioned, these steels, because of their composition (low carbon content

and high content of nickel and other alloy elements) have a comparatively soft martensite
which can be hardened by precipitation.

In Table V the compositior and properties of three types of meraging, which have
been set up in the Nichel Mond laboratcries, are reported: martensite, obtained through
tempering, has a body centred cubic lattice and the tempering (1-10 hours at 480°C)
causes N13Mo precipitation and an ordered phase probably composed of Fe2CbNi.

The simultaneous presence of cobalt and molybdenum (Fig.12), as weli as titanium
additions, increases the mechanical resistance obtained through ageing.

An improvement of the properties can also be obtained by vacuum melti=z and by
bringing about a piastic deformation during precipitation treatment.

0f the three types of maraging steels, the one with 18% cobalt and aolybdenum
presents the best combination of properties, that is

- tensile strength about 210 kg/mm?,

high ductility and resistance,

very low transition temperature, excellent forgeability and weldability,
small distortion during heat trectment,

possibility of surface hardening bty nitriding with improvement of fatigue
resistance.

New types of stainiess maraging having outstanding stress corrosicn properties have
recently beean introduced; in particular a very strong and ductile alloy (C € 0.003%,
Mn = 0.30% Cr = 14%, Ni = 6.50%, Ti = 0.80%): these stainless chrome steels have
corrosion resistance properties corparatle tc those of AISI 410, 430 and 304 steels

and can be hardened by ageing and by ccld deformation; the properties of stress corros-
ion resistance also seem very goods.

3. HARDENING MECHANISMS OF MARTENSITE

We have seen that high strength structural steels can be divided into three groups.
very different in composition but al} characterised by basic martensitic structure of
different types (interstitial or substituticnal), altered to a greater or lesser degree
vy tempering precipitstion, or work-hardening.
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More precisely:

(a) 4340 Type Steels: interstitial martensite cbtained by normal quenchiung or by
martempering, or after ausforming treatment: this martensite is tempered at a
low temperature and .an he subsequently subjecteqa to marformirg. The lattice
0. the martonsite plates is tetragonal aand the value of the axial ratic c¢/s
depends on the carbon content and on the presence of stacking faults. In low
carbon steels, martensite is formed by plates which are limited by dislocation
rings, whereas in steels with higher carbon content it is formed by groups of
twinned (very thin) crystals: thus the orientation relationship between primary
austenite and differant types nf martensite can be explained.

(b) 5% (hrome Steels: interstitial martensite obtalned by normsl quenching or mar-
tempering cr after ausfoming treatisent: this martensite is tempered at average
temperature and is subjected to a secondary hardening process. It can be sub-
jected afterwards to marforming.

(c) Maraging Steeis: substitutional martensit., comparatively soft, subsequently
hardened by precipitation.

In every case the high resistance is given by a martensitic structure, which requires,
in the first place, a complete, regular austenitising, with fine grain size; the ruench-
ing rate must be such as *o avoid transforma’ ion in the bainitic and perlitic fields,
particularly for types (a) and (b), but not so high as to cause dis.ortion or quenching
crac*s.

The toughness of interstitial martensite is substantially due to the hardening
caused by the carbon atoms placed in interstitial position: as everyone knows, the
increase in toughness and in resistance is particulacly sensitive with carbon contents
up tc 0.4 ~ 0.6% and becomes less important for higher carbon contents.

Ia eddition, the presence of & fine and complex structure and of lattice defects
which couse internal stresses, vontribute to the bardness of martensite.

The influence of the substitutional alloying elements on the toughness of interstitial
martensite is noc¢ generally very important or crittical (Fig.:z.;: Irvine®® has proved,
however, that the additicn of 4% Cr, Mo, Ni, Mn increases the hardness of carbon marten-
sites: the increase in hardness is within a range of about 100G Vickers units (Fig.135):
the decrease in hardness towards nigher carbon coatent is due to th~ formation cf
residual austenite together with the martensite. These elements, in fact, increase
the field of metastability of austenite and lower the Ms point (Table VI).

With the same composition &n increase in the resistance of martensite can be
cbtained by grain refining, that is by reducing the dimensions of the mertensite plates.
this is like refining or red.cing the grain sizes of pri ary saustenite.

The mest obvious and usuai measure is that of avoidin~, as much as pessible, over-
heating above Ac3 but, when the shape of the TTT curve zllows, significant results can
be obrain.d by plastic deformation of the austenite in its uwetastability field (aus-
forming): very refined martensites can thus be obtained snd the tensile strength can
be raised to 35-7.% without sensibly lowering the toughness properties (Gullotti®?).
The susforaing scis substantially by incressing the nucleation of martensite and thus
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contributing to a very refined martensite, even starcing from overheated uustenite.
Martensite refinement can sometimes be promoted by formation of microscopic pre-
cipitates in the metastability field of austenite, which increases the nucleation of
mertensite. This is one of the advantages of marquenching, and 1ot the ieast.

It is necessary, on the other hand, to remember that, when high tensile strength is
required, fully martensitic steels cannot be employed: it has been seen that martensites,
both interstitial and substitutionai, are quite strongly modified by tempering treatments,
which cause

{n) relief of internal stress if the temperature is not very high,
(b) carbon diffusion at average tempering temperatures,

{c) formation of atmospheres of sclute elements (secondary hardening) or pre-
cipitations of elements from soiid oversaturated solutions.

Generally the tempering of heat treatable steels (for example, 4340} at racher high
temperatures confers the required properties of toughness, lowering the hardness and
the tensile streigth and increasing the ductility, whereas in tool steels (type H1l)
&n increase in resistance by secondary hardening takes place.

The mechanical characteristics c¢f martensite are so related to the quenching -
tempering cycle that structural varistions can be caused. The mechanical characteristics
and the structural modifications of martensite can have a definite effect on the re-
sistance of tiie waterigl to the delayed fracture; it seems valuable therefore to analyse,
even briefly, the different possibilities or ways of martensite hardening.

The hardening mechanisms of martensite can be outlined as follows®’:

. son & : with interstitial atoms
(2) Solid soluticn hardening { with substitutional atoms
Ionic compounds:
iron carbides, chrome and mclybdenum carbides.

(b) Precipitation hardening i
Intermetallic compounds:
'( (possibly ordered)

(c) Short range ordering: Guinier-Preston zones (clustering)
(d) Interaction with dislocations (atmo.oheres), stacking faults (Suzuki).

The first t«o hardening effectis (by solid solution and by precipitation) can be
illustrated by Figure 15, strictly rzlating to solution martensites (carbon inter-
stitial and substitutionai) and by Figure 16 (Ref.97) relating tc tempered martensites
this last diagram shows the additional effect of precipitation hardening; this hardening
becomes ccnsiderablie when the carbon content is more thaa 0.3%

Terpering treatments at low temperatures in Fe-C alloys, besides relieving processes,
cause the precipitation of icnic Fe,C and Fe C compouzds. The presence of substitu-
tional elements affects the precipitation and i* is par.icularly useful to know their
effect. Irvine>® has studied the effect of 1% addition of substitutional elements on
the tempering retardation, by comparing the hardness variation caused by each single
wddition (Table VI).
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Irvine observes, moreover, that an element will be the more interesting the smaller
is the lowering of the Ms temperature and the greater is the tempering retardation
caused by it, at equal concentraticns.

Irvine has collected some information on this in Table VI. In column 4 he has
calculated the rate, entirely empirical, between tempering delay and Ms lowering,
censidering this rate as indicative of the effects of the properties of martensite:
cobeit and silicon are indicated as two of the most interesting alloy elements. The
influence of silicon must be reluted to the fact that type Fe,C carbide remains stable
at higher temperatures duricg the ageing ¢f silicon supersaturated ferrites rather than
ferrites with a low silicon content®®. Silicon would show a simiiar effect in the
course of the first tempering stage of martensite, during which metastable carbide
develops.

Hardness by fcermation of intermetallic compounds generally takes place with rather
high content of alloying elements in mertensite: in carbon martensites or in medium
alloy martensites the phenomenon is practically unknown and cnly in the last few years
has it been possibie te see that it takes place with a certain frequency in very high
alloyed steels: it seems 20 be connecta2d with & phenomenon of ordcr-utsorder transforma-
tion. These precipitates are of extremely fine dimensions (in the range of a hundredth
of a micron) and can Le resolved only through electron microscopy with special techniques,
but they exert a considerabie influence on hardening and on strength characteristics.

It is assumed that scmetimes it is & matter of microzcnes which have orderly displayed,
and that it is necessary for their formation thst a preliminary deformation of the
Jattice hes taken place; this deformation is due to the presence of cne or more atoms
of large dimensions and to the tensile strength of the martensitic structure.

In Table VII some of the compounds presen 1in martensites are indicated: they are
steels having a parcicular composition and nature, but they are probably present also
in the martensites of high strength steels, whicl are the nbject of our research.

4. SUSTAINED LGAD FAILURE OF HIGH-STRENGTH STEELS:
HYDROGEN EMBRITTLEMENT OR STRESS CORROSION CHACKING?

We have already mentioned that high strength steels are particularly susceptible
to hydrogen embrittlement.

Hydrogen embrittiement differs from other forms cof embrittlement because it does
not affect the results of high rate mechanical tests, e.g. impact tests, and it affects
in a comparatively moderate way also the results from tensile or bend tests. In
addition, hydrogen embrittlement seems to be moderate or absent at low or very high
temperatures and a maximum at intermediate ones.

The typical failure produced by hydrogen embrittlement is the occurrence cf delayed
fractures under sustained inad, with load levels considerably lower even that the
proof stress levels. This type of failure is sometimes called “static fatigue';
leaving the name “fatigue” to dyramic feilures, a better name for it ic “sustained
load fracture” or “stress cracking”.




T

Ciga ema iy

ST R

b W, ek ER o,

KTt LN e o i S ROANTR N T T . -

VII-11

The cheracteristics of hydrogen cracking°° are

(a) 8 specific incubation time before crack initiation,

(b) & minimum stress below waich delayed failure does not take place,
(c) discontinuous crack propagation,

(d) an ecceleration of the embrittiement by cathodic pulzrisatich,

(e) a reversibility of the incubation time, with respect to spplied stress.
0f these characteristics, (d; and (e) are peruliar %o uydregen cracking.

The higher is the tensile stremgth of the steel, the mcre pronourced is its sensi-
tivity to hydrogen embrittlement. Fcr this reason, hydrogen cracking is a typicsal
phenozenon for the =naterials concemed.

The presence of hydrogen in steel also increases its -iotch suscept:iuility, which is
generaily higher, the higher is the tensile strengia of the material.

As gll strucilures show stress concentration at some peints, this aspect 0¢ the problem
is, of couise, >f great practical importunce and demands thorough evaluation in choesin
materials and their trestments.

Hydrogen susceptibility of high st.ength steels rcquirzs partizular caution in surface
finishing, the use of mechanical ciesning methods s to be preferrad to aciq pickling
and in electroplsting an accurate selection of bath compositiou ss well &s nf operating
and after-treatment conditions {s needsd, in order i1o minimise hydrogen adsocrption.

An interesting collection cf data on this subject can be found in the procesdings
ot the symposium held in 196G by the American Electroplater’'s Soctety '%.

Of course, with materizls susceptible to hydrogen embrittlement the use of cathodic
protection with impressed currents as well as with sacrificial magnesium enodes is not
advisable.

Hydrogen adsorption can generally taxe place whenever a metal is subjected to hydrogen
corrosicn. The hydrogen adsorption is, however, particulacly relevant when ‘poisons”,
guch as scpe sulphur and arsenic compounde, are present. Tiese substances, possibly
produced. during the attack, by the reaction of non-metaliic inclusions, might act as
inhibitors of the as3ociation of hydrogen atoms, making the adsorption egsier.

In the cuse of Ligh strength ferrous materizls, mainlsy low and middle alloy stecis,
the expostre to acid epviroameut contsiring compourds of the type previously indicated
causes, under the action of service stresses, mainly transcrystalline ccacks as, for
ins*ance, in parts operating in contact wivh acidic water containing hydrogen sulphide
(Refs. 75,83, 12, 28.94,6 and 29).

These failures now attributed®® to hydrogen cracking., i.e. to mezhanical phenotena,
~ere at firs. suppesed to be due, st least in most cases’® !?, to stress corrosion
precesses, =hich were made easier by tue presence in the structure of 3 network. pre-
sumebiv of non-tempered martensito. By these mechanisms the fracture would therefore
have taken place through more ditvect action of the corrosive attack. Discussion 13
needed on this question,
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It has been observed that hydrogen, which is diecharged oa some¢ metallic materials,
can be absorbed in the lattice and can make the material sensitive to fracture when
the metal is subjected to mechanical stresses (internal or extermsl). If the hydrogen
evolution takes place by the working of a corrosion cell and if the mechanical stress
is acting simultaneously to the corrosion process (so that the fracture also nccurs
during this process) the whole phenomenon assumes all the outward characteristics of a
stress corrusion phenomenon.

The outward similarity of both phencmena has prevented, and still does prevent, us
from clearly establishing, in many cases, to which of these two causes the fracture
under load o% a metallic material in a corrosive environment is to be attributed.

As an example, :t will be remembered that one of the oldest theories brought forward
as an explanation of the stress cerrosion cracking phenomenon which had first aroused
the attention of technicians and scientists, the so-called “caustic embrittiement’,
consisted in thinking that the fractures were due to embrittlement by hydrogen produced
by the reaction between iron and alkaline soluion at high temperature.

In order to distinguish between these two types of phenomena, which Harwood>® would
like to combine into single concept, through a wider interpretation of the meaning of
stress corrosion crecking (“a cracking resulting from the combined effect of corrosion
and strass’ - Reference 89), it is necessary to discuss the nature of the two phencmena.
The next section gives a brief survey of the mechanisms proposed *c¢ explain hydrogen
embrittlement cracking; for the mechanisms proposed to explain {"e stress corrosion
cracking, reference is made to the general repcrt (Fontans). It will suffice here to
remenher that the interpretation of the cracking process as being due to a rapid
corrosive attack on the specimen made anodic by the mechanical stress is not now
generally acceptable.

strain®?, is very moderate.

In fact, the change of potential induced in a metal by cold-working’® or by elastic

Besides, the zurrent densities at the end of the crack necessary to produce the
usual rapid crack propagation would be tco high. In general, it zan be said that a
mechanical stress and a chamical, or electrochemical, action occur in the phenomenon
more or less alternately, a theory whose basis was expressed by pix?® in 1940.

On the whcie, it can te said that, uccording to the modern view, chemical and electro-
chemical actions give rise tn fraciures by creating initial points of attack, possibly
along preferential pre-existent paths, which act as stress raisers. Mechanical stresses
cause the crack to continue and also cause the breakdown of protective coatings, or the
foreatiou i local segregations, which subject the msterial to localised attack.

According to a recent theory, the specific action of the electrolyte could also
consist 1n & localised adsorption of some chemical species mhich foster the spread of
fractures by & mechanism which will be explasined in detail later. This mechanism,
which was [.rst proposed®® to explain hydrogen embri:tlement failures, has been termed®®
“{nterfacial stress cracking” or “stress sorption cracking”.
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3. MECHANISMS OF HYDROGEN EMBRITTLEMENT IN STEEL

The first theory proposed in order to explain hydrogen embrittlement was the so-
called “planar-pressure” theory advanced by Zapfrel®?. According to Zapffe:®9: 10!,
atomic hydroger enters the metal remaining dissolved in the lattice, as an atom or an
ion H*, the amount being dependent on the temperature and the pressure according to
Henry's law. A balance between atomic hydrogen in the lattice structure and gaseous

itydrogen cut of it, is built up; owing to this balance, the pressures of gaseous hydroge.

ore very high®.

Molecular hydrogen can precipitate into defects of the lattice structure or in
“planar’ separations and therein buiid up pressures sufficient to cause lattice dis-
tortions, with blockage of slip planes and subseqguent embrittlement.

Upon straining, the voids eniarge and the hydrogen pressure drops; therefore, in
order to maintadn the embrittled condition, a further diffusion of hydrogen into the
voids or defects is necessary. If the pla-*+i~ deformation takes place very rapidly,
there is insufficient time for a further hydroger diffusicn and the embrittlsment
decreases.

The effect of temperature could be expluined since the pressure ot & gas phase also
decreases with decreasing temperature. Thus there wiil bs a critical temperature, and
a critical rate of cooling, for any given set of conditions, such that the critical
embrittlement pressure PH, is decreased more rapidly than it is replenished by pre-
cipitating H and embrittliement is seen te decrease.

Petch®® % ¢ {5 interested ir rrack mechanism and applies Sriffiih’s theory on
brittle fracture to the case of hydrogen. According to Petch, the crack propagation
arises frra micro-cracks ahead ¢f an array of dislocations piled up against a grain
boundary. Hydrogen absorptien cn the crack surface causes a decrease in surface energy
and reduces, according to Griffith’'s theory’z. the stress required for the fracture to
take place.

The quantity of hydrogen sbsorbed in this way is controlled by the diffusicn, which
might explain why bydrogen embrittlement depends on the racte of plastic straining and
on temperature.

This phenomenon has been called, as we have already seen®®, “interfacial stress
cracking” or “stress sorption cracking”.

* The relation between hydrogen dissolved in the lattice (x,ml/g), temperature {(T.%K). s&nd
equilibrium pressure of gaseous H2 (r, 2tm) hes been given by Phragmen®”:

3000 - G.062p

logp - 2iogx + 3.60 ’

The pressure of gaseous hydrogen at the themodynemic ewuiiibrium with a given amount of
dissolved hydrogen increases with decreasing temperature. For instance, the hydrogen
pressure for 5 ml H /100 g dissolved in the lattice at £00°C is 17 atm; at 300°C, $80 atm:
at 200°C, 4080 atm; at 100°C, 10,870 ate; at 20°C, 17,500 atm.
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According tc Bastien® ’ hydroegen, which enters the met&l as proton, coellects round
dislocations in the form cf a Cottrell’s atmosphere and accompanies the dislocations
in their movements during plastic deformaticn, causing local cversaturation of hydro-
gen, with a build-up of pressure in the voids, caused or enlarged by the deformations
and by the strain round them.

Por the proton to follow the dislocations in their movement, the diffusion rate of
the proton must be greater than, or equal to, the movement rate of the dislocations;
that would again explain the effect of temperature and the rate of the plastic deforma-
tion on the occurrence of hydrogen embrittlement.

As & resuli of roentgenographic researches’ > '!, Fastien's assumption is that hydro-
gen localises preferably in (112) planes and exactiy at the centr: of a tetrahedron
made up of iron atomeg, a position that corresponds to the one assumed for carbon in «
iron (Fig. i6).

Such a localisation, saccording to Bastien, might further explain the absence of
embrittiement in those metals and alloys whose (112) planes are not slip planes, and
its disappearance in x iron at a low temperature, in which conditions the planes (112)
are no lenger active slip planes.

De Kazinczy's thenry25 starts from the sssumpticn that, because of energy fluctua-
tions, there is always in a metal a tendency for a crack to appear at the tip of
dislocation arrays, altbough at low stresses the crack will disappear again. If
hydrogen can diffuse into an unstable crack, the energy conditions will change and the
crack will be stabilised at a stress level that depends on the hydrogen pressure,

i.e., the hydrogen activity of the lattice. The same reasoning can be applied to shear
fracture.

In a metal contalning hydrogen, part ¢f the total energy of a test piecz consists
of the energy content of the gas ip the cracks. OCn crack propagation the gus will
expend with a corresponding release of energy. The rejeased gas energy is added to
the released strain energy; hvarogen ®ill thus lcower the extermnal stress at fracture.

With a very high rate of crack propagetion, the gas can only ex..and eciabatically,
and the lowering of fracture stress, urder these conditions, can only be slight. To
obtair a gresier lowering of the fracture stress, fresh hydrogern has to diffuse into
the crack simultanecusly with crack propagation if the spreading of the crack is to
continue. The lowering of the external fracture stress will be determined by the
initial gas pressure, but a certsin amount of gas hes to diffuse into the crack. The
process of fracturing can thus be divided into two successive periods. During the
first, the crack spreads slovly, the rate being determined by the rate of nydrogen
diffusion; whes the crack has grown sufficently by this process, a second period can
begin, the crack then oropagates with adiapstic gas expansion at a very high rate.

¥hen the extemal stress increases, instead of remaining constant, during the first
period, the second period wili begin and fracture will oc~ur at a higher extzrnal
stress than that at wshich crack propagatjorn started. This explains why hydrogen em-
brittlement is less under Lieract tests or under tensile tests at low temperatures.
The testing temperature has yvet another effect. If there 1s plastic deformation at
the surface of the crack .}ris #il1 be a decreasing function of the rate of cracc
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propagation. When the temperature is lowered the hydrnpen diffusivity decreases,
resulting in a decreased rate of crack propegaric.. during the first neriod. The total
amount of work which must be done by exterral strreses ard gas expanzion wili thus
increase. Less hydrogen embrittlemewt will be obrerved at Iow temperatures, even at
very low deformation rates.

As pointed out by Troiano”!, the :heorist savinced to explain hydrogen 2mb. ittlament
have similar features, althougl fthc i;erhanisms prupesed are diffarent. Al) the antl rg,
in fact, postulate a lattice involving defects, wrich are tarmed vulds, or lastice rifis
or Griffith's cracks, (r D{led-ur dislocations, producimy cracks.

The implicit usstaption iz wade that the vcids are very large whyn comrered with the
volume of the lattice vnit cell and thet, within thase voids or In their suarrace, hydro-
gen localisss. Suck a loculisation anicis necesssry since easbritliemsat ls z2uowi st
very low hydrogen coutects.

The specific details of the embrittlemeni machanism depend on wihether the hydrogen
at the veid surface or in the vo'd is sassuiced to be emb.itxling.

Zapffe, Bastien and A2ou, &nd De Kcziaczy assume that hydrcgen in veids :5 damacing,
whereas Pet~h and Siablis< believe that embritt:fxent is cass~u Dy hydrogern absorbed in
the void or crack surface.

Troiano's theory i» concerned with .ydrogen diffusion in the lectice and its dehaviour
in the areas suljected to plastic deformsticn. Tf a metallic meaterial is deformed,
hydrogen diffuses to the nighly stressed regicn and conceatreles there; o stee¢p nydrogen-
concentration gradiesi may be (Teated by a sevefe steesas atata.

Mechanical tests are usually performed ar relatively slow atrain rates; thus, ample
opportunity exists for the ureation of a severe concentration gradient in ‘he triaxislly
stressed volume. AC the stress continually incriases, the critical -:cahinatios 52
hydrogen concentration and stress riste may be atteined, and u crack cpens in the
lattice at the pcint of meximum triaxisliiy.

The magnitude of *th~ conceniration gradient created #n tee tririiglly stressed rezion
depends primarily upon iurec factors: (a; the ivitial hyarogen copcentration, (b) tie
hydrogen diffusiop rate, and {c¢) tne vine during which hydrogen may diffuse.

The disappearancs «f hydrogen unbrictlement at low *temperatures resuits from aecreass
in the hydrogen diffusicn r.te with decreasing temperature. Although the stress-induced
driving force is presumably independent of tae *emperatu’e, the mobility of the atoms
at lcw temperatures is strong!y retarded; thus the embrittlesment decreuses.

The disappearance cf hydrogen embrittlemsit at high temperatures can Le evplained ou
the basis of the competing effects of the stress-indiaced driving force, which tende to
promote concentration of hyurogen in the itrisxiaslity reginn, sad the clausical
concentration-equalising force which promntus homogenisation. &Y nigh temperatures,
the homogenising force, which increasszs with lemperature, is sufficlient to ovarpower
the stress-produced gradient, which is tempersture-inuependent, with Lhe result that
the exbrittlement decreases. Jt should also be noted thet the notch sensitivity of the
steel decreases with increasing temperature, thus, the voids should be less effective
in creating a region of severe 3trass state,
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The strain-rate dependence of hydrogen embrittlement reflects variations in the
time available for hydrogen to diffuse into the highly stressed regions. In a fast
strain-rate test there iy insufficient time for a damaging quantity of hydrogen to
Jiffuze into the regicn of maximum trisxiality end embrittlement is minimised. How-
ever, with decreasing strain rate, more hydrogen can diffuse into the highly stressed
region and embrittlement increases. The proposed mechanisu is thus compatible with
the kuowr effects ¢f temperatuse and strain rate.

Troiano’' s theory on the preferentia’® diffusion of hydrogen to the most highly stressed
zones can explain the effect of hydrogen cu notch sensitivity. Hydrogen migrates to
ithe regisn® near the notches where there is a maximum of triaxial stress and where the
probablility of forming ricro-cracks is also av a saximum., The pressure of molecular
hydrogern iu these cracks at equilibriuc conditions will be much higher than the one
which might be reached if hydrogen were uniformly distributed in the whole lattice.

Near the cracks. the triaxiality will thus be paximum and the crack can propagete with-
out eppreciacle plastic dcformation of the surrounding material. The energy required
for crack propagation will te lowered, both for lack of the amount required for plastic
deformation and for Petch and Stables’s sorption phenomena. According to De Kazinczy,
part of the ensrgy required for crack propagation will be supplied from the hydrogen
gas which, as alresdy said, will be present in the crack at high pressure. Naturally,
this effect will always take place in real materials, which always contain voids of
various kinds. The effect will be more or less pronounced as a function of the geometry
of the defect.

6. METHODS OF DISTINGUISHING HYDRCGEN EMBRITTLEMENT
FRCM STRESS CORROSION CRACKING

It has been sesn that in a material subjected to the simultaneous action of corrosive
attack and mechanical stress, possible fractures, which present similar features, can
be due either to stress corrosion or to hydrogen embrittlement.

The problem of the distinction between stress corrosion failures and hydrogen
embrittiement failures is very important, in order to chocse the most apprepriate means
of protection. While, in fact, in the case of stress corrosion cracking it is possible
to slow down or to stop the crack propagation by means of cathodic protection, in the
case of hydrogen cmbrittlement failures the application of a cathodic current may empha-
size the phenomenon, as we have aiready said.

The only way to differentiate clearly between these two cracking mechanisms seems
to be the method of polarisation, which offers the adventage of reproducing under con-
trolled conditions, und in a short time, what heappens during long periods of exposure,
at service conditions.

This method is based cn the concept that, if the fracture is caused by a corrosion
which proceeds along an active path, the application of a cathodic current, which
reduces the entity of the corrusion, increases the time-to-fracture. Still, in this
case, the application of an anodic current brings about .a opposite result even if,
+3en an anodic current is applied, it is not possible to predict exactly the effect of
the curreat on the time-to-{racture, because the anodic current can produce a mor.
general attack, by increasing the anodic area®®,
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Conversely, if the fracture is caused by the adsorption of hydrogen, possibly
generated at the cathode of a corrosion cell, the application of a cathodic current,
with subsequent hydrogen gzeneration, shortens the time-to-fracture, whereas the appli-
cation of an anodic current brings sbout a limitation in the development of hydrogen
with subsequent increase in the time-to-fracture.

One of the first applications of this technique was made on a type AISI 410 stain-
less steel'® which, subjected to a small cathodic current, showed an increase in time-
to-fracture. By suck an observation it has been possible to infer that this type of
steel breaks, without impressed current, according to a stress corrosion mechanism.

A

A typicel example of this technigue is the test made by Phelps and Loginovl67 on 8
12 MOV stainless steel, tempered at 420°C under strain in en sc.ated 3% NaCl solution
ut room temperature. The influence of anodic and cathodic polarisation on the time-
to-fracture is shown in Figure 18. We see that the anodic polarisation reduces the
time-to-fracture from 200 minutes, when no current is appiied, to 20 minutes, when the
current density is 0.93 mA/cm®.

»

e B

On the contrary, with low cathodic current densities, the time-to-fracture increases
significantly (about 27,000 minutes at 0.02 wA/cm?).

Kow

With current densities higher than 0.02 mA/cmzb the time-to-fracture lowers again,
to become about IC minutes st a current density of 0.93 mA/cm’. Such behaviour indi-
cates that, without current polarisation, with anodic polarisation, and witn cathodic
polarisation at low curreut densities, the fracture observed is caused by stress corros-
ion, whereas, at current densities higher than 0.02 mA/cmz. hydrogen adsorption takes
place and fracture is due to mechanical causes.

The polarisation method which appears ccrrect, at least in principle, has been
applied by many authors. .

Conflicting results, obtained by some suthors®®, could be attributed'® to an incorrect
interpretation of the test results.

Many authors have tried to establish whethar a diagnosis about the mechanism of a
fracture could be made through a metallographic examinaticn. The results, as shown
later, have not been conclusive. It seems that interesting results may possibly be
obtained through an appropriute use of the techniques of electron microscopy, but much
work has still to be done before a thorough evaluation of this possibility can be made.

7. STRESS CORROSION OF HIGH STRENGTH LOW-ALLOY STEELS

As we have aiready seen, low-glloy steeis with a high mechanical strength are sus-
ceptible to delayed fracturcs, not only when they are previously subjected to a hydrogen
charging (see, for example, Reference 86), but also when they are exposed under load
to particular corrgsive envirouments.

7.1 Corrosive Enviroments

, The typical environments which cause fractures in these types of steels under load

i are those rich in chloride, such as hydrocitloric acid solutions®’*“®, sodium chloride

7 7 % 67
solutions®’s 1% 20,45, 79, 47, 48, 89,35, 85 1 parine atmosphere®’.

LMk d uce
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Time-to-fracture, at equal conditions, is smailer in acid solutions than in neutral
solutions, ax observed on a 5% chrome steel’®, on an En 26 steel ' *7+"® or, at the
boiling point, on a 4340 steel ®°.

Fractures of this kind, however, tppear also in less aggressive environments and
have been observed°'3°'51'°2. or pre-cracked test specimeons, in distilled water, in
moist air in hydrogen gas®’ and even in acgon, although time-to-fracture in argon
decreased with increase of the dew point of the gas mixture.

7.2 Relationships Between Crack :ormation and Crack Type,
Structure and Heat Treatment

Several authors have tried to establish whether the crack path is intergrarular or
transgranular. The problem, from a metallographic point of view, is rather cemplex.

It has been observed that cracks are generally intergrarular followins the prior
austenite grain boundaries but that sometimes they follow a mixed path (Figs.13-21,
Refs. 67,19, 20,47,48). It has also been observed that primary cracks oftea initiate
from non-metallic inclusions (Fig.22, Refs.19 and 20) and can also be followed by

purely mechanical fractures"’.

In the case of attack in an acid medium the inclusions might favour the adsorpticn
of hydrogen in the metal due to local formation of “poiscns” such as H,S. The influence
of sulphur and phosphorus on the delayed fracture in acid solution has been proved in
laboratory tests made in an acid medium on low-alloy steels having either different
sulphur and phosphorus conteat or small amounts of FeS on their surface®!s “2.

Other researches"’*"“® have proved that the localisation of the fractures should be
connected to the presence, in the structure of fine precipitates, presumably carbides €
(Ref.78). These carbides deposit, preferacly at the grain boundaries of austenite even
if the continuity of the deposit would not seem essential to the crack propagation
(Figs. 23 and 24, Ref. 62).

During the tests on a 4340 steel under load in an acidified solution of 3% NaCl
(Ref.85) it has been observed that the fractures initiated at pits, which preferably
fomed in zones lying near € carbide (Fig.25).

The preferential ~ttack might also be due, in this case, in analogy with the theories
being advanced to explain intergranular stress corr.sion ¢f carbon steel®’% ?%, to local
changes in composition caused by micro-stresses being generated by the presence of
precipitates.

Besides, as carbides eesily adsorb hydrogen (Berg, 1961) their presence might cause
local variation in the conceatration of hydrogen, which might promote the fracture.
The fact that an increase in silicon in these carhides seems to diminish their faculty
of adsorbing hydrogen might explain°5 why 300 M steels are, st equal conditions, less
sensitive to hydrogen embrittlement than 4340 steelis, which have less silicon content.

Lastly, fractures intergranular as to prior austenite grains have been detected??
also on test specimens which had been broken by impact, in a not particularly corrosive
envircnment. This fact suggests a possible purely mechanical action which the carbides
migh’ exert on crack propagation.
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The time-to-fracture on test specimens exposad under load to corrosive environmen's
varies, under equal condf%iens. with the variation of the temperature at which the
material has been tempered. For example, systematic tests on Airsteel X 200 (Ref.67)
have shown that this material has a maximum sensitiveness in 3% NaCl solutions, if
tempered at 150°C, and a maximum sensitiveness in sea atmosphere, if tempered at 315°C
(Fig. 26), whereas, with increasing tempering temperature, the time-to-fracture increases.
The increase in resistance to fracture under sustainsd load in an aggressive environment
with increasing tempering temperature is a phenomenon which can be considered general
in a neutral environment, whereas in an acid environment, as observed on En 26 in HCIO.IN
(Refs. 47 and 48), inversions have been noted.

Since, by increasing the tempering temperature to 250-300°C, € carbides change into
ferrite and cementite, tne fact tha. geneially the susceptibility to delayed fractures
decreases vith increasing tempering temperature, might appear as further proof of the
existence of a relationship between the presence of carbides € and the susceptibility
to delayed fracture.

7.5 intluence of Mechanical Stress Level on the Appearance of Fractures

B8<sides the mechanical properties of steel, the stress level to which the steel is
subjected is important in the appearance of cracks.

According to some authors there is a stress threshold below which n, fracture would
occur, as shown, for example, in References 47 and 48 for En 26 in chloric acid 0. 1IN
and in 3% NaCl.

Lastly, it must be noted that the resistance to delayed fractures is increased if
the specimens are subjected to shot-peening"’“s. This result does not seem to be due
exclusively to the presence, on the surfaces of the media, of residual compression
strains left by the treatment, but to the fact that the treatment causes a sealing-up
of the surface micro-fractures of the metal'®.

7.4 Cause of Fractures

Authers do not yet completely agree whether the appearance of fractures under sus-
tained load in these steels is due to stress corrosion cracking phenomena or to hydrogen
embrittlement.

Some authors®’ observed that, in the case of En 26 steel in HCl0.IN, a reversion in
the curve time-to-fracture as a function of tempering temperature took place, as already
pointed out; this phenomenon did not occur witl: the same steel in neutral sodium chloride
solution, but had been verified®® on specimens previously subjected to cathodic treatment.

For this rcason, the suthors meptioned had come to the conclusion that, in the case
of neutral sclutions, delayed fractures were to be considered as caused by stress corras-
ion, whereas in the case of acid solutions, they were to be considered as causea, at
least mainly, by hydrogen embrittlement. These conclusions have been confirmed by the
same authors"“? by using the method of polarisation (Fig.27). By the same method it has
also been found that delayed fractures of 5% chrome tool steel in 3% NaCl solution at
pH6 was due to stress corrosion.
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It must also be pointed out that, in tests made on 5% chrome stez2is, expcsed to a
sea atmosphere and protrctad by differ 'nt types of coatings (ezlecticlitic coatings
paints with metallic pigments, metallic costings obtained by displacement, etc.), the
deposits have appeared cfficient, whereas in scdiuam chluride solution they were anodic
as to the steel, which led to the essumption that, in the sea atmospiiere, fr.ctures
were due to stress corrosion rather than %o hydrogen embrittlemept®’.

On the ot®er hand Henna, Troiano, and Steigerwald®, baving observed ip teats on
300 ¥ steel in distilled wat-r that the application of cathodic oclarisation to the
gpecimens. the additicn of arsenic compounds to the water, and the de-ueration ol water
(Fig. 28) lowered the time-to-fracture, have now core to the conclusion that, in this
case, the fracture: were Jjue to hydrogen embritilement. This conclusion was confinmed,
according to the authors, by the fast that the incubation times before the appearance
of the fractures were reversible, that 14, it had been observed that specimens which,
during the test, had already gone through the incubation time, when taken ou. of the
test and subjected to a sufficient period of ageing, had to go through a new period of
incubation before cracking, iy re-tested.

Moreover, for woyrphological reasons, that is, for the fact that fracture on 4240
steel tested ir boiling 3. 5% Naul solution seemed to initis e from the inside cof the
metal, rather than from the surfsre, it has been thovght t% %, in these conditions also,
the fractur was due tc hydrogen embrittlement. In the explanation of the meihanisn
of fallure, the occurrence of stress-sorption cracking phenomena could be of great
importance. This mechanism scems particularly to fit in the explenation of delayed
fractures in hydrogen gas as well &g in other media.

Sa. 2 authors heve tried to establ ish whether there are notable differences, {rom
the metaliographic »oint of view, hetween hyd.ogen embrittlument fractures, obtaiued
on cathodically polarised specimens, and fractures in neutral solutions, these last
being considered as due to stress corrosion. Generally, ro substantial differences
have been observed®® ®7- %3/ %% <hus it has been thought that at least the active psths
of stress corrosion coincide with the weaker paths of the mechanical fractures due to
iydvogen embrittlemert or to stress sorption ghenomena and that, therefore, in crack
propagation both phenonena have similar characteristics.

&. STRESS CORROSION CRACKING OF RARAGING STEELS

3.1 General

Mareging steels present in sea water & corrosica rate which is chout th2 same as
that of low-'.. 1oy steels. This happens because in voth cases protective cousiings o
not form in seu water, oo that the uechanism which controls the process is the cathudic
reaction, i.e., the reduction of oxygen.

In d*fferent atmospheres maraging steels present a general corrozion resistance
which is betier than that of n:gh-strength iow-alloy stuels. Ia spite of this, it iz
often required that the structures, #ich have tc be put in ¢ service, a~= prutected.
The need for protection sets the problem of hydrogen cracking. Tests undes load in
3% RaC! mede on specime.s subjected. for different periods. to cethodic treatment bave
shown, for example, the susceptil:ility to tfracture ¢f the specimens which had heen
subjected to the stronger cathodic treatment (Table VIII, Ref.54>.
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It seems, however, that maraging steels are more resistant tnen other materials to
hydrogen embritilement and that they underge faster processes of dehydrogenation in
furnaces‘!s *2, Besides, as already mentioned, maraging stesls, when subjected to
sustained load in particular environrents, ajso show delayec fractures, as well as
high-strength low-alloy stuels.

8.2 Corrosive Environments

The resuits show that the resistance to delayed fracture of maraging steels exposed
to industrial and marine atmosphere is quite good (Tabie IX, Ref.21) and varies with
the severity of the corrosjive eovironment®’. In sea water, both natural and artificial,
maraging steels have generally offered a goed resistance to delayed fracture (Table X,
Ref.2i) and inm anv case better than that offered by nigh-strength low-alloy steels®!:*®.

However, in some tests made iz 0% NaCl solutior, some low-alloy steels, such as
Rex 539 and En 30 B Lave offered & better resistance than & maraging 18% nickel steel
of the “110 toa” grade (Table XI, Ref.87;.

It has been observed®? tnat the susceptibility of 18% nickel maraging steel in a

soluticn of sodiur chlcride va.ies by ¢arying the ccncentration and the pH of the
solvtion.

In particular, the time-to-failure curves, cerrelated to the £H, show a2 minimum in
che pH range bDetwees 1% and 12 (Fig.29). The figure clearly shows the effects of NaCl
content on the position, the intersity, and the shape of the minimum. With increasing
NaC/ content, the minimum both widens and deepens and moves to lower times-to-fracture
and to higher pH velues. The pH valve which coriespcnds to the .l.imue time-to-fracture
has beer proved tc¢ correspond to tie onset o7 passivation of the metal and is due to
the fact that, in this pH rang<, the corrosion currents gencrated at the remairing
ac*ive areas hocome progressively more interse aag lead tc nucleation of s site sus-
ceptible *n strss, corrosion cracking. Thange of the minimum with in~reasing concon-
tration shows the depolarising effect of the C!” icn.

Tests made under sustained loed in distilled waier®® have shown that, even in this
enviromeent, 18 and ZO0% nickel saraying steels behave better than high-strength low-
sliny stecls.

¥hile studying the resistance toc delayed f-acture of an 18% .uickel maraging steel
and of twe low-alloy steels in distilled water at different .emperatures, it hes been
observed that, with increase of tesmperature, the time-to-iracture decreases. This
effect is much mere evident in maraging steels ihao in low-alloy steeis {Fig. 30, Rof.81).

Bent-berz specimons have been exposed to 0.25% sodium dichremete and 4% soiubls il
solution. COnre sample of 18% nickel paraging steel with 0.62% Ti showed marked sus-
ceptibility to dclayed {racture in both environmerts, while an 18% X1 sample wich
£.50% Ti failed only in the soluble 0il solution.

Teste pude in a trichlorcethylene environment®! have shown that this medium 1is very
ageressive; the fractures are wide and straight, o»ith blhwat tips, as if a chemical
aissolution had occurred.

Leatir, oiher tests have been made in a 6% NaC! and 1. 5% Ne, Cr 0, boiling soluticn
snd in 8 7% ecetic acid solvtion ssturs*ed with H. 8 at room temperature®.
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it has been agreed, in these tests, that in the chloride and in the scdiam dichromate
solutions the failures were due to stress corrosion cracking and that in the acetic
acid solution saturated with H,S the failures were due to hydrogen embrittlement. It
has been observed that, in a chloride plus sodium dichromate environment, the fractures
did not occur or were more delayed that in the acetid acid environment (Tables XII and
X11I).

8.3 Appearance of the Cracks

It has been observed that the fractures shown by maraging steels failed hy stress
corrosion cracking in sea water or in industrial atmosphere usually have paths inter-
granular as to prior austenite’!. Figure 31 shows, for example®®, intergranular micro-
fractures in specimens which had not shown fractures during the test period and which
extendeu towards the core of the sample. Intergranular cracks have alsc been observed
on steels cracked under sustaired load in a distilled water c.vironment“®:®! as well
as in 3% NaCl solution and in tap water®’.

Transgranular fractures have, however, been noted on specimens of an 18% nickel
naraging steel, exposed to industrial atmosphere or immersed in a 3% NaCl solution,
when strained to a stress level equal to 93% of 0.1% proecf stress®’. According to
these authors, the fractures occurring in less critical environments, for example,
in atmosphere, often shown blunt crack sides, which suggests the presence of a slow
attack also on the sides of the cracks. In the case of more rapid fractures or trans-
granular fractures, the cracks are narrow and saarp.

A microstructural examination of stress corrosion cracks and hydrogen cracks shows
that stress corrosion cracks resembled hairlines, whereas there are rounded voids along
cracks caused by hydrogen (Figs.32, 33, 34, 35).

8.4 Effect of Composition

The existing data on the effect of the chemical composition of maraging steels on
the resistance to delayed fracture are very few.

In some cases’’ it hes been observed that 25% Ni maraging steels showed a better
resistance to delayed fracture than 20% Ni steels.

Stress corrosion tests on two 18% Ni steels, annealed and aged, having respectively
0.029 and 0.004% C, have not indicated any effect which might be attributed to the
different carbon content®.

An increase in titanium content from 0.23 to 1.00% seemed, on the other hand, *o
increase the susceptibility of the steel to delayed fracture’®; this susceptibility
might even be jncreased by the atsence of such elements as boron and zirconium®®,

This 1s presumably becausc, in maraging steels having no additions of these elemenis,
a precipitation of & grain boundary phase was thought to occur, promoting iatergranular
COITrosion.

T explain the differences in behaviour cften observed between several heats whi:h
were not substantially difierent, it has been thought, by analogy with what has been
observed on high-strength low-alloy steels'’ that the presence of some trace elements
can be importent in det_-mining the susceptibility to fracture, as these impurities
act as cathodic poisons and promote hydrogen adsorptionsﬂ
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Thus it seems very importact that sulphur and phosphorus are contained in marsging
steels in very smal) amcunts®’.

On the wshole the date aveilable dc not establish & clear reletionship between tke
chemicai compasition of maraging steeis and their resis*tsnce to delsyed fimcture.

8.5 Structure and Heat Treatment

The resistance of maraging steels to delayed fracture is strongly influenced by
their thermal history.

Some tests®® have shown that the susceptibility to fracture of soms specimens of
18% Ni maraging steels, subjected 0o 2 stress of ahout $0-63% of the y z21d strength,
wes greater both in chloride and sodivre dichromate sclution and in acscic acid and
H,S solution, when the annealing treatment at 1500°F (815°C) was followed by a thrse
houra ageing treatment at SO0°F (483°C), which more thzn duubled the yield stremgth
of the steel!, in comparison with Lhe same steel when only 2nnealed {Tables XII and XIII).

Further data or the sffect of haat treatment on delayed fracture have been obtained?!
on U-bend specimens of an 18% N; maraging steel, with yield strength around 250 1b/in?,
irmersed in an aerated 3.5% sodium c¢hleride solution, pH 6.0, at room temperature. It
has beer observed that specimens annealed at i150G°F (816°C) and maraged showed no sign
of cracking after 30 days on test. Specimens given 2200°F (1204°C) solution annealing
treatment, and then marsged. sracked -spidly {Table XI).

This heat treatment produces significant grain growth, sc thot results tead to con-
firm previcus indications that coarse grain size is hammful.

Specimens cooled to and held at 14G0°F (760°C) from the 2200°F (1204°C) solution
anrealed, and then maraged, were even move susceptible to stress corrusion cracking.
This laboratory heat treatment would muvimise precipitation 4t grain bounduries, which
is extremely harmmful to both mechanical preperties and resisteice to stress corrosieon
cracking. Lastly, it sppears that cold-rolling before maraging breaks up the coarse
grain structure and Is beneficlal.

The results of a test programme, to examine the infiuence of tempering temperature
on delayed fracture, show that an increase in tempering temperature between 400 and
4%5°C improves the resistance to delayed fracture (Fig. 35, Ref. 14).

In another series of test mads on & 24 MgCZ2 solution, boirling at 154°C, the speci-
mens of an 18% Ni maraging hci-rolled steerl, brought up to and held for two hours at
550°C, quenched in 0il and ther tempered for three hours at three different temperatures
(425, 480, and 525°0), show"  that the time-to-fracture increases with losering of
stress and is much greater for the specimerns tempered at the highest temperatures, with
a8 rate of sbour 1 to 20, at squal stress, «hen the comparizea 1= made betweern {25 and
535°,

The three temperatures have been chosen to obtain an increasing amounti ~¢ staple
sustenite. Thus it sezms proved that stable austenite plays a fevoursv. rele  These
results must not, tovever, L applied to higher tumpering temperature the results >f
tests rede ia NaC: hexve shown, in fact57, that tempering a* & t.*perature over 550°'C
izmplies a more rnpid ettsck than tempering at 44C-480 ¢
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The key to good resistance to etress corrosion cracking is fine grain size, grain
boundaries free of harmful precipitates, and absence of composition gradients inm the
vicinity of prior austenite grain boundaries?®.

AASR AU Sriacs s S it

There are no relisble data on the nature of precipitate compounds ai grain boundaries.
These phases might be intermetallic compounds between iron and the different alloy
: compounents.

The precipitation of the intermetallic compounds, responsible for tae hardening, mAy

1 possibly play an important role, since an overzged conditior favours resistance %o stress
3 corrosion crackingsf

In spite of this, it has been noted®® trat, at equal rate between applied stress and
yield-strength-1imit, steels having s better strength, particularily in an annesled and
overaged condition, are more susceptible. This treatment cycle, in fact, rises strongly
the yield-strength-limit.

Lowering the applied load increases the time-to-fractvre; however, data confirming
the existence, in maraging stecls, of a minimum limit load below which no delayed
fracture occurs, have nct been found.

8.6 Nature of Delayed Fracture in Maraging Steels

Tests made on maraging steel specimens cathodically protected in sea water?!
at different potential levels have proved that a slight cathcdic polarization
can sometimes increase the time-to-fracture, whereas by increasing the absolute
potential level a faster cracking is obtained. 1In another case®! the use of zinc
base coatings has caused maraging steels to fail more rapidly in aerated salt
water aad in high humidity environments than without coating. Failures of ailoys
cathodically prctected in sea water were therefore probably caused by hydrogen
embrittlement rather than by stress corrosion cracking, whereas without polariza-
tion, failures occurring in sea water were probably to be attrihuted to stress
corrosion crecking.

At this point is has to be observed that, whereas in tests made on high-strength
low-alloy steels many Authors have studied the causes of fracture either by cbserving
the behaviour of the specimens subjected to csthodic or snodic polarization or by
making other observations in Che tests msde on maraging steels the Authers have
3 generally preferred tc study the fracture by assuming nearly 8s a matter ot fact

E that in some environments (ex: acia sulphide solutions) the fractures are caused by
; hydrogen embritciement and in cthers (ex: sea water, atmosphere) by stress currosion
‘ cracking.

9, CONCLUSIOAS

Owing tc the great range of compositions in ultra-high-strength steels and the
differences in me.sllographic structure which these steels can obtain through heat
treatmen? or rlastic working, the number of varieties in this fie.d has practically
no limit. It to s extreme varietr of initial materials we add tne variety of test-
ing conditiovns {s.. 4« of the spacimen, stra(n rate, nature of the environment, tempera-
ture, et« ), the prospect .5 even mwore complex.
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On the other hand, the materials of interest har  eer e . ° centlv unea £°
structural materials (low-alloy stegls)or only -ecently Tic.ed and introduced
(maraging steels).

It is therefure easy to understand why althoug® .. b ®°1s .. this Subject has been
publighed, particularl, in the last s yea.s, ©u” wauwledge v this ®iele .5 wtill
very far from compiete.

However, on the basis of ail +the frcts g8t -.y, %t foliow'ng data wight be con-
sidered a2 acquired:

1. Low-alloy steels, as well as maraging steels alc =} ted t< elayed frarcyre

2. Generally, maraging steeis have a highor resistance ! Aesayed fractire tha. (ow-
alloy steels.

3. The scourrence of delsved fracturcs is much more frequent the grezter Is the tensile
strength of the stre’ ana the stress to which the steel is sup)ertel.

4. Although therc are cases of mixed paths, the path of delayed frsctures reems mostly
intergranvlar along the prior austenite grain bouadaries.

5. A relationship beiween susceptibility to delayed fractur- and the pres nce, 1n these
steels, of phases precipitated un the grain boundaries of primary austenite seeas to
exist. These phwses, in low-alloy steels, ere probably made un by < carbides. The
nature of this relationship offers matter for further investigation.

6. In acid environments fractures seem to be mainiy due 10 hydrogen embrittlem-nt.

7. In neutral environments the evidence of various muthors is conflictiisg. An important
part cculd be played in this case by phenomena oI tie kizd of “stress-sorption”
cracking. This is ecne of the problems for further invesrigation.
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VII-35
TABLE 111
Treawments arnd Properties of Steeis Deformed and Tempered after
Ccaventional Heat Treatmen:
Characteristics j 4340 Steel D6 AC Stecl
o]

Kastend® sing [ Temperature (°C) 820 830 840
{ Tize (min) 40 40 30

Queaching 611 0:l1 Salt at 175°C
Temperature (°C) 205 260 205
Teapering {Time (h) 1 1 2+ 2
Ausforming (%) 1 3 0.8
i | Temperature (°cy | 205 150 175
Second Tempering 1‘1‘ime (b 1 1 2
Tensile strength R (kg) 207 234 234
Yield strength 207 234 228
Striction (%) 44 35 25
Elongacion (%) 6.2 3 3.5
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Composition and Properties of 185 Ni Naraging Steels

TABLE V

VI1-37

18% Ni Maraging Steel R = 140 kg/mn? R = 175 kg/mm’? R = 210 kg/m?
Nt 17 - 18 17 - 19 18 - 19
T4 0.15-0.25 6.3 -0.5 0.5-0.7
Cotposition Al 0.05-0.15 0.05-0.15 0.05-0.15
6] i Co 8-93 7 -8.5 8.5 -9.5
| No 3.0 -3.5 4.6 -5.1 4.7 -5.2
™ ; : ;
480°C - 34 480°C - 3h
Treatment 480°C - 34 Agein, after
air vacuum rolling
E (kg/m?) 133-147 35-188 - 297-212
R (kg/om?) 140-154 175-192 - 208-214
A (%) 14-16 10-12 - 12
(% 35-70 48-58 - 60
4
Properties l;i“l iet‘x]ce
in bar (k r?y
shape &
at 21°C 8.4-15. 4 2.5-3.6 | 3.5-4.0 -
at 160°C 4.2- 8.4 1.7-2.1 - -
fatigue
1imit 66 66-70 - - N
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TABLE VIIX

Hydrogen Pmbrittleseat Specimens. 6110 Maraging Steel

Stress Level X . Ageing Time Life
(%) Charg:ng Conditions (min) (hours)
98 5 nin at 20 mA/in? 10 W
9e 10 min at 20 mA/in? 10 NF
95 2h at 60 mA/in? 10 NF
90 2h 3t 60 mA/in? 10 NF
Th at 60 mA/in? 10 Failed on
loading at
approx 80%
Note: All stremses given in percentages of 0.1% PS or NT¥S
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TABLE XII

Time to Failure in Boiling €% NaCl + 1.5 Na Cr,0,

Heat Conditior. Stress (1b/in? Time (h)
A ann. + age 150, 000 15.6
A ann. + age 150, GOO 15.1
B ann. + age 150, 000 42.2
B ann. + age 1590, 000 2.9
A ann 65, 000 No failure*
A ann. 65,000 No failure*
B ann. 65, 000 No failure®
B ann, 65, 000 No failure*
* Test was stopped after 215 h
TABLE XIII
Time to Failure in 3% Acetic Acid Saturated with i,s
Heat Condition Stress (1b/1n% Time (h)
A ann. + age 150, 000 0.9
A ann. + age 150, 000 0.8
B an. + age 150, 000 0.5
B ann. + age 150, 00C 0.4
A enn. 65, 060 11. 4
A ann. 65, 000 1.1
8 ann. 65, 000 4.9
B ann. 65, 000 3.0

Heat A:C = 0.029%, Heat B:C = 0.004%

TABLE XIV

Effect cf Heat Treatment on Resistance of 18% Ni Alloy to Stress Corrosion Cracking

Days to Visible
Heat Treatment (°F/time,hr) Grair. Size Cracking
in 3. 5% NeCl
CR. 1500/1/4, AC; 900/3, AC Smalil K*, OK*
CR, 2200/1, WQ 900/3, AC Very large 3, 6
CR, 2200/1-1400/24, AC; $00/3, AC Very large 0.2, 0.6
CR, 2200/1-1400/24, AC; 2200/1, W7 900/3, AC Very large 0.2, 0.8

¢ Test terminated after 30 days.

CR = {old rolled WQ = ¥aler quenched

AC = Air cooled to room temperature

Nota, Cantigrade equivalents of Fahrenheit teeperatures can be calculated by the following
formula: ¢ = (P-22) x 5/9.
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l X T N ] 60
\T\ E i ‘VASCOJE? 1000'
~\ Influence of i o
400 | i \{npenng Tempersture 1% z
b ! ;
i i | l
350 /T\ i Hordness 40 §
i ! ' ]
. | \ ; \ 5
S BN AR B A
§ ‘ i True Frocture Stress
=250 SN 2
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! M Strengih
50 02%0ttset | N !
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o000 150 W00 150 1200 1250 1300
Terrperng Tempercnure, °F.

Fig.1 All strength levels fr¢ 150,000 - 300, COC 1b/in? tensile are atta.nable in
vastojet 1000 by adjusting the tczrering temperature
between 950° and 1200°F (Ret. 36)
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Fig.2 Extration replica. Segregates of granular and rod-like carbide particles.
3 3 The other regions contain very fine precipitates visible with greater
4 anplification (Ref. 35}
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Fig. 3(a)

Fig. 3(b)
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The effect of tempering temperaturc on the hardness of steel No.82. 5% CrioV.

1030°C
e 1100°C

200 400 600 800
°c

Austenising temperature (Ref. 35)

} tempering time 2 hr
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{Temo (°F)+ 460) 1 fiog teme (trs) + 20}

Master tempering cirve for Vascojet 1000. Aliowable operating temperatures
and times for maintaining stable elevated temperature properties can bhe
precisely calculated fiom formula showmn on horizontal axis (Ref. 36)
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Fig.5 Ductility of vacuum melted and air melted 4340 steel as a function of tensile
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Fig. 6 Notch strength of vacuun melted and air melted 4340 steel as a function of
tensile strength (Ref.l)
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Fig 7 ?otating beam fatigue behaviour of Ferrovac 434G vacuum or air melted (Ref.1)
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s ( 1030% —> 500% )
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Fig. 10 Hardness HRC plottea againut distance from the end, of an end quench test
specimen of 18.5 mm diameter, 100 mm length, for steel No.8Z.
Austenising temperature 1030°C (Ref. 35)
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Fig.11 Impact toughness and ductility of the 5% chromium steel are 20-25% higher
than 4340 types at high-strength levels. With no embrittlement range
or retained austenite, they vary proportionately with tensile strength

(Ref. 36}
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Fig.12 From 8000-100, 000, 000 cycles, the fatigue strength of Vascojet 1000 is 10-35%
greater thai any air-melted material previously reported {Ref. 36)
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Hardening by solid solution snd by precipitation in a martensite with &
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Fig. 18 Effect of spplied current cu cracking time, USS 12 MoV stainless steel in
aerated 3% NaC! solution

¥ig.1¢ Appezarance of stress coriosion crack in Airsteel X 200. Super picsal etch,
app~oximately 290 X
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Fig. 26 Intergranular fracture area, stress corrosion failure, specimen tempered 450°cC
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Fig.21 Jlixed fracture area, stress corrosion failure. specimen tempered 230°C
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Fig. 22 A small crack emanating from a pit on the tensile surface of a stress <ormsion
specimen. Light Nital etch
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Fig. 23 Microstructure of 4340 alloy steel at a yield strength of 222.¢ ksi*, shoaing
form and distribution of carbide precipitate
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Fig.24 Microstructure of 4340 alloy steel at a yield ctrength of 194.1 ksi®, showing
form and distribution of carbide precipitate

* 1 ksi = 1000 1b/in?
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Fig. 25 icrograph showing the beginning of fracture at an inclusior site slightly
away from the fracture surface
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Fig.26 Effeci of tempering temperature on stress corrosicn of Airsteel X 200
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Fig.30 Fffect of temperature in distilled water. These U-bend tests show that the
time-to-failure of the maraging steels in temperatures above ambient
decreases aore rapidly than with the low-alloy or hot-work die steels
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VIiI-62

x 500

Fiz.32 Two-point-loaded specimen (18% N1, 250 ksi) exposed to Bayonne atmosphere
272 days, load 200 ksi®. Etchant: 2% Nital. Stress corrosion cracks

x 500

Fig.33 Cathodically protected U-bend (18% Ni, 250 ksi®) exposed to sea water at
-1. 2V for 14 days. Etchant: 2% Nital. Cracks are hydrogen cracks

* 1 ksi = 0 1b/4n?
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Fig.35
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U-bend of AISI 4340 exposea to sea water 6 days. No cathodic protection.
Etchant: 2% Nital. Stress corrosion cracks

Cathodically protected U-bend of AISI 4340 =xposed to sea water at -1 2V for
6 days. Etchant' 2% Nital. Hydrogen cracks
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Delayed failure characteristics in distilled water at 70°F
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DISCUSSION ON PAPER BY PROF. MATTEOLI AND DR SONGA

Concerning the susceptibility of different steels to SCC, Dr E.H.Phelps showed 4
sumasry of data on a luarge number of heat treated high tensile steels. The steels had
been exposed 1s unprotected bent beams stressed at 75% yield strength eight feet from
the sea at Kuré beach. All those steels with a tensile strength less than 180 ksi
(80 tons/inz) survived for a long time and were finally withdrawn because of general
corrogion. Of the stecls with yield strength in the range 18C to 210 ksi (80 to
94 tons/in?), some failed and some did not. All those stronger than 210 ksi (94 tons/in?)
fajied by SCC. 18 Ni maraging steeis fell into the same pattern, except that those
which failed did so after a time much longer than that of conventional steels of the
seme strength.

Dr Phelps then referred to electrochemical polarisation experiments undertaken to
distinguish between the two mechanisms of SCC failure of steel, viz. Active Pach
Corrusion and Hydrogen Embriftlement. Eight types of result were possible, as shown
in Pigure A-1. It should be noted in this rigure that curve A represented the case
where only hydrogen embrittlement was obtained, whereas curve B showed only active
path corrosion. Both processes were shown in curves C and D with the signiiicant
sifference that curve D had an open zone where no failure occurred. This meant that
there was a range of cathodic potentials in which the steel could be cathodically
protected without introducing enough hydrogen to cause hydrogen embrittlement. Vhere
both anodic and cathodic polarisation shortened the cracking time, a&s in curve E, it
was no? possible to determine which mechanism prevailed without applied current.

A. T7F 8 TTF C. iTTF

/N‘/t tk:.. A /1 I\

- b ‘ Im:
¢ 4——-n ——eq Co——r —@ Ct— ———q ¢ — —-—-o-o
E. | TTF . TTF 6. TTF H. TTF
/ \ . '\ ]
! 2 | 2
H \‘AP'.‘. ZTH ) APC e | »c, LA I S
Coe—— -——a Ce— —=Q Ot s o—— e @
MOTE:
APC - ACTIVE PATH CORROSION QO - ANODIC PGLARIZATION H - HYDROGEN EMBRITTLEMENY
TTF - TIME TO FAILURE C - CATHODIC POLARIZATION (‘) - NO FAILURE

Fig. A-1 Possible relationships between time-to-failure and anodic or
cathodic polarisation
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Curves F end G might be expected in acid solutions when the corrosion potential was
anodic to the i1eversible hydrogen potential. With curve B ncither snodic nor catkodic
polarisation had any effect on cracking time. A possible explanation was that a hydro-
gen embrittlement mechanism was involved, but that the mechanism by which hydrogen

er .ered he steel was not ciectrachemical. Except for curve G, all the curves had been
obtained experimentslly

Mt B.B.Rosenbams descorited o aew steel developed for ship and submarine liu)ls which
might alsy find use for rocket motors. Designated HY 130, it coutained 6 Ni, 1 Cr,

0.8 Mo, 0.1 C and 1 v and had a yie:d strength of 130 kst (58 tors/in’). Tve toughness
w%as very high. tow reverse bend fZatigue tests and stress corrosica tests under bending
had besr made on welded slaks iwo feet square, one inch thizk., Resistancs to $CC was
very high even in the presence of cracks, and the corrosiop fatigue propsrties were

very good.
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NATIONAL SURVEYS OF WORK ON STRESS CORROSION CRACKING
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NATIONAL SURVEYS OF WORK ON STRESS CORROSION CRACXING

Each Member Country was asied to report on its current research and development work
on stress corrosion cracking. The following countries made reports:

Canada Dr G.J.Biefer, Departmeni of Energy, Mines and Resources, Ottawa.

France Prof. P.Lacombe, Ecole des Mines et Faculté des Sciences d’Orsay.
Paria.

Germany Prof. Dr-Ing. L.Graf, Max Planck Institute, Stuttgart.

Ttaly (1) Aluminium alloys, Dr E. di Russo, Instituto Sperimentale dei

Metalli Leggeri, Milan.

(1i) Other metals, Colonel A.Griselli, Ministero Difesa Aeronautica,
Rome.

Norway M. A.Winfeldt, Central Institute for Industrial Research, Blindern,
Oslo.

United Kingdom  Mr H.Brooks, Roysl Aircraft Establishment, Famborough, Hants.
USA Mr W.K.Boyd, Battelle Memor.sl Institute, Cclumbus, Ohio.

Denmark, Creece and Portugal had no work to report, and Belgium, the Netherlands
and Turkey made no report.

The national surveys are summarised by the Editor beslow under the headings Aluminium
Alloys, Steels. and Titanium Alloys, followed by further notes where appropriate on
the nationa! effort. The very large programme in the USA tends to overshadow the work

in other countries; inevitably the smaller effort in other countries has been reported
in greater detail.

1. ALUMINIUM ALLGYS

1.1 USA

The problem of stress corrosion cracking in aluminium alloys is not new. Work has
been in progress for some time to determine the mechanism of this phenomenon, however,
it is still aot completely understood. None of the basic theories proposed satis-
factorily rationalises all of the experimental evidence. On the other hand, 1t 1s
generally accepted that the mechanist of cracking is related to a tensile stress-
induced electrochemical reaction. More recent modifications of this theory have
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involved strain-induced hydrogen absorption at mechanically weak grain-houndary zones
which reuuce the energy of activation for the corrosion of these zones. Such a
mechanism would explain why materials suscertible to intergranular stress-corrosion
cracking ares not necessarily susceptible tc .ntergranular corrosion.

Because of the electrochemical nature of stress-corrosion cracking, research has
centered on environmental and metallurgical conditions which are known to be important
in more commonly studied types of corrosion. Combinations of cold rolling and arti-
ficial ageing have been found to be of benefit in some alloys, as have special heat
treatments where quench temperatures are carefully controlied. In general, such studies
have provided more fruitful results than alloying with say silver. Results in this
country with silver additions have been disappointing.

The fact that aluminiur alloys are most susceptible to stress-corrosion cracking
when stressed in tension perpendicular te the rolling or forging plane is generally
attributed to grain shape, although in thick sections veriations in cooling rate may
introduce cther metallurgical variables which are contributing factors. Preferred
orientation studies have indicated a variation in the orientation of crystsllographic
planes through the thickness of some materials and therefore a difference in stress-
corrosion-cracking suceptibility. On the other hand, little correlation has been found
between susceptibility and the variation in mechanical properties observed through the
material thickness.

Shot peening to reduce surface tensile stresses is used extensively to prevent
initiation of stress-ccrrosion cracks.

Current research involves the stidy of a number of factors, namely:

1. The susceptibility tc stress-corrosion cracking as a function of:

(a) directional effects of grain orientation

(b) dislocation environment interaction

(c) cathodic processes which promote hydrogen entry into the material
(d) alloy composition, e.g., silver additions

(e) temper conditions.

2. The develcopment of valid rapid stress-corrosicn tests, which can be used to evaluate
all types of aluminium alloys and tempers.

3. The development of organic coatings and other technigues specifically designed to
improve performance of aluminium structures in service environments.

4. The development of techniques for the detection of stress-corrosion cracking in
aluminium alloys.

Those alloy systems receiving the most study, from the standpoint of stress-corrosion
cracking, are the high-strength aluminium-copper and aiuminium-magnesium-zinc series.

Laboratories where research is in progress are listed in Table I on page 19,




1.2 France

Most of the work in France is carried out by the Services Techniques de 1’ Aero-
nautique and by manufacturers of aircraft such as Sud-Aviation and of metals such as
Pechiney.

MRS 1A

A. Systematic studies

d (i) Standard corrodent - Most laboratories in France have adopted the STA formuls
- A, which specifies a 3% solution of sodium chloride buffered with boric acid
or sodium carbonate to a pH between 8.0 and 8.2, unbuffered media tended to
develop an alkalinity which modifies the surface oxide film on the metal.

(i1) Test procedure

(8) Sorting tests. Simple specimens are used which can be cut in the short
transverse direction from test parts of not too great a thickness.
Tests are made at either constant straln or constant stress.

(b) Systematic tests. These are more precise and more reproducible. They
are made in uniaxial tension on plane or centre notched specimens stressed
in a proving ring. Scatter of results can be controlled by the use of &
single level of stress of 75 to 80% of the 0.2% proof stress.

AN R A TP T AT TR PRI Y

Great care is taken in the preparation of the specimens and of the
surfaces prior to immersion. Machining must not leave visible traces,
and is followed only be degreasing; chemical and electrolytic pickling are
avoided so as not to change the nature of the passive oxide film,

AR Y

It seems more and moce certain that only axial tension tests allow
quantitative interpretation with minimum scatter of results. It is
essential also to conduct parallel corrosion tests without stress under
the same conditions. The factor of acceleration due to stress is then

RTY - RN%
given by the formula f% = 100 x ———E————— where RT and RN are the losses

Ei4

TR Y

of tensile strepgth caused respectively by corrosion under stress, and
stress-free corrosion of the same duration. Unless this factor 1s positive
one cannot consider the =alloy to be susceptible to stress corrosion.

(ii1) Metallurgical wnvestigations - The results given belew are taken from the
werk of A.Guilhaudis and Mlle Petreguin at the Pechiney Co. Laboratories.
formerly at Chambéry and now at Voreppe.
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(a) Aluminium magnesium alloys. For contents of magnesium less than 7%, the
purity of the aluminium bese (A9, A7, or A5) dces not significantly alter
the results of stress corrosion tests. Although stress corresion life
decreases with increase in content of magnesium, parallel corrosion tests
snithout stress lead to an accelerating factor of less than 10%, so that
cne cannot properly speak of any susceptibility to stress corrosion, at
least in the salt water medium used.
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(b) Afuminium-zinc-magnesiun alloys. The temperature of ageing is critical.
Thus, alloy AZ5G3 aged for 120 hr at 90°C is very susceptible, but aged
for 24 hr at 150°C is only slightly susceptible.
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Alloy AZ4G3 is much more susceptible to corrosion than AZ5G. It hLas
been established that increase in magnesium content above 1.5% causes a
catastrophic increase in susceptibility to stress corrosion, due, appar-
ently, for high magnesium contents, to a loss of cohesion at the grain
bounaaries.

Alloy AZ5GU has been the subject of fundamental researches as described
1n Section B below. These researches, based on the application of double
artificial ageing treatments to alioys aged at room temperature, constitute
a new approach to the study of the fundamentals of stress corrosion.

(c) Atumrnium copper alloys. Sysiomatic studies are in hand. Tests have shown
that the susceptibility to stress corrosion of alloy AU4Gl is much reduced
by treatment for 20 hr at 180°C.

B. Fundamental research

This account will be limited to a typical example of fundamental research carried
out over the past two or three years at the Pechiney Co.by Develay, Adenis and
Guilhaudis. The principal results were presented to the October, 1966, Symposium of
the Société Francaise de Métallurgie.

This research is concerned with the effects ¢f different ageing temperatures and
durations on AZ5GU, and its novelty lies in the combination of determination of mechani-
cal properties with investigation by dilatometry, X-ray diffraction, microscopy and
electron diffraction. The two latter methods have been especially used to iden ify
the different phases appearing during ageing. ‘These phases, revealed by electron micro-
diffraction on thin films, have an influence on the susceptibility to corrosion of the
alloy which can be seen directiy by submitting tbe thin film to corrosion. Examination
of corroded thin films in the electron microscope at X20,000 reveals the type of trans-
granular or intergranular attack. The study had been inspired by th2 werk of Gruhl
and Cordier who had investigated the effect of a second ageing on AZ5GU solution heat
treated and aged for 24 hr st 120°C: on further ageing at 180°C, tensile properties
fell during the first five minutes, then rose to a maximum after about 2 hr, then fell
again (over-ageing).

The Pechiney workers studied systematically the effects of second ageing for various
durat: ~<= up to 20 hr in the range 165 to 190°C. The change in mechanical properties
was :0 he associated with a disappearance of the first transiticn precipitate
form. - .cing the first ageing at the lower temperature, and jts replacement by phase
M!oof precipitated Manz, first as platelets, then in massive form, then passing to
globular form and finally transforming to the M phase. The phase changes were corre-
lated with the change in mode of corrosion from transgranular to intergranular, and
the final decrease in susceptibility with oversgeing.

It was concluded that the susceptibility of AZ5GU to intergranular corrosion is due
to the presence of supersaturated zones at the grain boundaries. The fall in sus-
ceptibility caused by overageing is ascribed teo the impoverishment of these zones by
diffusion of alloying elements to the grain koundaries.
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The following general conclusions were drawn’

(a) In aluminium alloys, dislocation pile-ups at grain boundaries are not observed,
probably because the high stacking fault energy (280 erg/cm?) allows easy cross
slip. The proposal by Robertson and Tetelmann that crack propagation is caused
by dislocation pile-ups at grain boundaries seems invalid for aluminium alloys.
The mechanism is more likely purely electrochemical, due to differences in com-
position between matrix and grain boundaries.

{b) Optimum mechanical properties are assgciatpd with very fine homogenous pre-
cipitates of radius of a few hundred Angstrom units. These precipitates are
visible only in the electron microscope, and are very difficult to identify.
Many of the secondary precipitates formed from minor elements (Fe,Cr,Ti etc.)
have not been identified and their structure and composition are not known with
certainty. This is an important limitation in current research.

1.3 Germany

P.Brenner, W.Gruhl and H.Cordier are iivestigacing the stress corrosion properties
of Al5Zn3.3Mg type alloy at the Vereini;.»n Leichtmetallwerke Laboratories in Bonn.
Tests under constant stress have revealea an exponential relation between stress and
life, with a threshold below which stress corrosion does not occur. The life is reduced
by 5% for every 1°C rise in temperature. The activation energy for the stress corrosicn
process is equal to that for vacancy migration in aluminium. Tests in varicus corrosive
media revealed no correlation between surface corrosion and stress corrosion.

The increase in life with incr-rsed ageing temperaturec suggests that susceptibility
to stress corresinn is caused by certain states of precipitate produred at lower tempera-
tures. This view is supported by the further decrease in susceptibility achieved by
repeated deterioration of the precipitates and subsequent re-ageing at low temperatures.

Addition of copper to the alloy and two stage ageing at .levated temperatures give
a material insensitive enough to stress corrosion for practical use. Additions of
about 0.4% silver have been found beneficial and are being further investigated.

1.4 Italy

%ork is in hand on the AlZnMgCu system at the Instituto Sperimentale dei Metalli
Leggeri at Novera. The principal lines of researcn are: -

(i) Influence of variations in structure arising from daifferent methcds and degrees
of working.

(i1) Search for ageing cycles giving resistance to stress corrosion without appre-
ciable reduction of mechanical properties.

(1ii) Modification of composition for improved stress corrosion resistance.
(iv) Correlation of structure and properties using the el¢ctron microscope.
{v) Development of a8 quick valid test for stress corrosion.

{vi) Further developments.
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(1) Type and degree of plastic working

(ii)

(i11)

(i

(v)

Resistance to stress corrosion increases as the number of micro grains
increases. The size and shepe of the grains are aslso important. Size and
shape are dependent on the type and degree of working and may vary from one
point to another in even a simple shape, Tooc small a grain size, however,
increases the corrodibility of the metal because of the greater quantity of
intergranular precipitate present and leads to susceptibility to rapid ex-
foliation corrosion. Large transverse segregates of intermetallic particles
should be avoided.

Ageing cycles

A two stage ageing cycle of 6 hr at 105°C followed by 8 hr at 170°C gives
a marked increase in resistance to stress corrosion ir the short transverse
direction over singl . ageing in the range 115 to 135°C, accompanied, however,
by a fall in 0.2% rroof stress of 2 kg/mm? (1% tons/in?).

Modification of composition

Silver and zirconium have been tried as additions to the traditional alloys
or as replacements for chromium and manganese. Zirconium additions allow
AlZoMglu ailoys to be quenched slowly, e.g. into oil at 150°C or into a salt
bath at 180°C; strength is maintained and internal stresses reduced to a very
low level. After preliminary tests cu sheet materials, a series of stress
corrosion tests was made on transvarse specimens cut from extrusions of the
basic alloy AlZnMgl%Cu containing Cr, Cr + Ag, Zr, Zr + Ag and Zr + Ma,
quenched quickly or slowly, and g:ven single or double ageing treatments.

Three alloys showed high resistance to stress corrosion (axial load in
buffered 3% NaCl stressed at 75% of the 0.2% P.S.) without appreciable loss
of tensile strength as compared with the 7075-T6 type alloy. These were:
(a) the Zr alloy, quenched rapidly or slowly and duplex aged, (b) the
Cr + Ag alloy aged at 155 to 175°C, ad (c) the Zr + Ag alloy rapidly or
slowly guenched and aged at 175°C. Zr + Mn alloy gave poor results. The
Zr alloy duplex aged showed no intergranular stress corrosion failure.

Structural investigaticn using the electron micrascope

The stress corrosion properties have been correlated with the mode of pre-
cipitation, and the effects of chromium, silver and zirconium interpreted in
terms of nucleation, precipitation, the width of precipitate-free zones at
the grein bcundaries, and stress concentrations set up in the boundaries.

Tests for stress corrosion

Two standard tests are used:

(a) Continuous immersion under axial load, in spring loaded jigs, in 3% sodium
chloride solution buffered to pH 5.2 by addition of 8 mi/l N/2 sodium
acetate and 20 ml/l N/2 acetic acid, thermostatted at 20° % 9.5°C.

(b) Alternate immersion in 3.5% sodium chloride solution ‘inder temsion or
bending load, (fork cype), 15 mins in and 45 mins out, at 20°C and constant
humidity.
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(vi) Further developments

Two particular alloys are being further developed:

Al-5.T2n-23 Mg-1.5Cu-0.202r-0.06 T{i (Zergal 3)
and Al-5.72n-2.7Mg-0.5Cu-020Zr-0.06 Ti (Zergal 4)
Q

Zergal is suitable for all wrought forms, and Zergal 4 should be especially
suitable for large forgings. Further alloy development of the AlZrMgCu system
is proposed with study by electron microscope of the most prozising heat treat-
ment conditions. The role of dislocations in the mechanism of stress corrosion
failure will be studied, and in particular the influence of linear defects
introduced by quenching and by controlled plastic strain in alloys with
different types of hardening precipitate.

1.5 United Kingdom
(1) General and testing

Stress corrosion of h.gh strength aluminium alloys is still a major problem.
Radical improvements are needed in design philosophy and testing to pemit the
use of existing alloys with greeter safety, and improved alloys are needed to
simplify the designer's task and allow th: strongest alloys to be used more
widely.

Most testing has been carried out at high stresses, and has failed to
emphasise that very low stresses can cause cracking, particularly when scting
in the transverse and short transverse directions. Although data cn threshold
stresses have been available from the USA, it has often been impracticable to
keep below the threshold and the estimation of safe lives at higher stresses
is very difficult because of the need to sinulate the environment of the
structure and accelerate its effect in & controlled manner. No real progress
is being made in estimating the lives of protected parts, but this problem
may disappear as the properties of the alloys are improved.

(i1} Silver additions

Polmear's suggestion that small additions of silver should improve the
stress corrosion resistance of AlZnMg clloys by promoting precipitation in
the otherwise precipitate-free zones near the grain boundaries and by refining
the precipitate elsewhere, is being investigated at several laboratories
Aluminium Laboratories (Alcan Industries Ltd) have made 3 inch thick plate
from 1,000 1b ingots in Al6Zn2.5Mg with different Cu, Mn and Cr contents, with
and without 0.3% silver. The silver bearing alloys gave the highest tensile
strengths and longest endurances in the Black type stress corrosion tests
(atmospheric exposure of transverse specimens at high loads), the alloy con-
taining 1.4 Cu, 0.5Mn, 0.3 Ag being preferred for i1ts lower guench-sensitivity.
Further work has confirmed di Russo's finding that zirconium can replace man-
ganese and chromium, and two ¢~mpositions containing Cu, Zr and Ag are to be
evaluated further. High Duty Afloys Ltd and British Non-Ferrous Metals
Research Association, however, have found that silver additions tc RR77
(AlZnMg, low Cu no Cr) 1increase quench sensitivity, decrease strength and
give only a marginal improvement in resistance to stress corrosion.
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Heat treatments

Some time ago High Duty Alloys Ltd developed a molten salt quenching treat-
ment for the low Cu no Cr alloy, which is now covered by specification DTD 5094;
tensile properties are slightly inferior to boiling water quanched material.
More receat work has shown that the stress corrosion resistance of the boiling
water quenched wmaterial can he improved without loss of strength by duplex
ageing for 12 hr at 135°C followed by 16 hr at 150°C.

Mechanism and structure

Alurinium Laboratories have studied the relation between susceptitility to
stress corrosion and the prevalance of cub-grains in the microstructure. The
amount of sub-structure in forgings and plate in commercial AlZnMg alloys was
varied by varying the mauganese and chromium contents, the hot working pro-
cedure, and the quenching rate. 1In all cases incressed sub-structure, or
precipitation at sub-brurdaries, led to longer stress corrosion lives. More
recent work has reveale:o positive evidence of corrosion and distinct steps of
mechanical! fracture in the stress corrosion zones. Other studies have siown
that a decreas d width of rrecipitate-free zone at the grain boundary gave
improved stress corrosion behaviour in high purity AlZnMg alloys, but in
cormercial alloys zone width seemed less important than other structural
features; workers at High Duty Alloys have reached the same conclusions.

Doubts on the benefits nf adding silver and of narrowing the width of the i
precipitate-free zone have led to a modification of earlier views on the
formation and significance of precipitste-free zones. Taylor at Cardiff
University and Erbury and Nicholson at Cambridge had put forward the view
that precipitate nucleated oan vacancies formed during solution treatment,
and retained by the quench except at grain bounsdaries which acted as vacancy
sinks. More recently Holl’s suggestion has been adopted; this is that the
vacancy concentration merely controls the rate of growth of clusters of solute
atoms (GP zones) formed during quenching and the early stages of ageing, and
that the zones must reach a criticel size in order te be able to act as nuclei
for precipitates.

Both groups now attach much importance to the idea of a metastable phase
boundary for GP zones (a GP zone solvus). The temperature of this boundary
is determined for each alloy by quenching to and holding at successively lower
temperatures in the range 200° to 100°C. So long as the quenchinz temperature
is above the zone solvus, a coarse distribution of precipitates is formed,
meinly by nuclieation on dislocations. But below the sol us temperature a much
finer dispersion of precipitates is obtained, presumably by nucleation con GP
zones. Fine homogenous structures can be produced at temperatures above the
GP snlvus if tne alloy i3 first held at room tempersture after ccnventionail 4
cold quenching, or is given a prelimirary ageing treatment below the solwus.
These preliminary treatments are thought to allow sufficient diffusion for
the tormation of GP zon~s large enough to act as nuclei above the solvus.

It seems that these later suggestioc.s about the effects of composition and
treatment on the dispersicn of precipitate will be more important for the
development of allovs resistant to stress corrosion than the earlier work onm
precipitate-free zones.
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2. STEELS

2.1 UsA

The loss of load-carrying capability of ferrous structural materials has long been
recognised. Of prime concern are the high-strength low-alloy steels, such as SAE 4340,
H-11, 300 M, etc, and the high-strength stainless steels of the austenitic, martensitic,
and precipitation hardening types. The overall objectives of the various research pro-
grammes (see Table II) are to investigate the fundamental factors which control environ-
mentally-induced delayed failures. 1In general, these studies are divided into two
types (a) a study of envircnmental variables and (b) the influence of metallurgical
variables on delayed failure characteristics.

fnvirocmentally-induced failures have been characterised by a decreasing fauilure
time accompanying an increased stress level. Although not completely established,

there appears to be a threshold-stress level below which no stress-corrosion-cracking
failures occur.

At the present time, environmentally-induced failures of sustained-loeded high-
strength steels have been attributed to one or more of the following mechanjismz.

1. Stress-corrosion cracking (anodic dissolution).
2. Hydrogen-stress cracking.

3. Stress-sorption cracking (lowering of surface energy at the crack tip due to
absorption of a liquid}.

Much of the controversy concerning which mechanism is operative in the stress-corrosion
cracking of high-strength steels stems from several factors, namely:

1. Depending on the environment, more than one mechanism appears to be operative.

2. The difficulty in distinguishing any differences between fractures caused by
hydrogen-stress crackirg and those resulting from stresz-corrosion cracking.

3. The apparent role played by hydrogen in all the cracking mechanisms.

It seems to be a fairly common thesis among researchers in the US that delayed
fallures of high-strength steels can be attributed to a single mechanism independent
of environment. Much of the research, therefore, is directed toward systematically
studying environmental conditions in order to describe a range where transition in
embrittling mechanisms occur.

2.2 Canada

Work is in hand in connection with sea-going hydrofoil craft such as the Canadian
FHE 400 in which highly stressed foil members are made of 18% nickel maraging steel.
It is difficult if not impossible tc devise adeguate protective schemes for such parts,
end susceptibility to stress corrosion is a mejor problem which can cause the rejection
of otherwise acceptabie metals. The most promising solution is the development of new

high strength alloys not susceptible to stress corrosicn .nd highly resistant to plain
corrcsion.

Stress corrosion studies of maraging steels are being carried out in the Defence
Research Board {R.D.Barer and J.Greenblatt) ard in the Physical Metallurgy Division
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of the Department of Energy, Mines and Resnurces (G.J.Biefer). The work deals with
the effects of such fuctors as surface conGition (ircluding cracks, coatings), stress
level, cathodic protection potential and heat treetment condition, including weld
metal. At the Pbysical Metallurgy Division, the stress corrosjion behaviour of other
high strength steels, 17/4Pd stainless, 12% nickel maraging and HPINi4C025C., is being
evaluated for possibie use of the steels in a future generation of Hydrofoils, and is
complemented by work on fracture toughness and weldability by R.C.A. Thurston and
K.Winterton.

Other work on very strong low alley steels in the Department of Energy, Mines and
Resources is concerned with non-embrittling protective treatments.

2.3 Germany

Funa.mental work on caustic and nitrate crackirg of iron and carbon steels is in
head at the Max Planck Institut fiir EisenZorschung et Dsseldorf (H.J.Engell, A. Baumel
and K.Bohnenkamp), at Mannesmann A.G. at Duisburg and at the Badiscihe Anilir and
Sodafabrik at Ludwigshafen, (R.Miunster, H.Grafin and D.Kuron) and mechanisms for
fuilure nave been put forward.

Work on stainless steel at Mannesmann ‘H. Ternes) and at Badische Anilin has con-
tributed to the idea that stress corrosion can occur in homogenous non-sipersatsrat~d
alloys only if the crack walls osecome passivated. Experiments at Mannesmanu on carbon
stabilise? austenitic stainless steel in 42% magnesium chloride .olut’on with applied
exf showed that stress corrosion cracking could occur even in the absence of oxygen;
the crack walls became passivated and hydrogen was discharged, while the flowing root
of the crack remained active. Work at Badische Anilin on copper-containirg sustenitic
stainless steels in sulphuric acid was interpreted in .erms of local rupture of the
prot~ctive copper-containing film, but Graf and Springe at the Max Planck Institut at
Stutteart feel that the cause of stiress corrosion failure is the forwation of cathedic
areas, ccunsisting of copper, on the walls of the cracks so that a pronounced electiro-
chemical process can occur within the cracks.

Sensitised austenitic chromium manganese steels have been investigated at Edelstahl-
werke Gebr. Bohler at Disseldorf (A.BHumel and O.Tramposch). Precipitation of chromium
carbide at the grain boundaries and depletion of chromium in solution led to inter-
crystalline stress corrosion failure. It is not usually practicable to dissolve the
carbon by heat treatment.

2.4 Italy

The amount of work on metals other than aluminium alloys is not large. Caustic
embrittlemert of .ild weldable steel is being investigated at the Instituto Ricerche
Breda and some s“udies of stainless steels have been made at the Universitiss of Milan
and Ferrara.

2.3 No-way

No work is in hand at present, but the Central Institute for Industrial Rezearch st
81 indern, Oslo., recently completed an examination of the effect or explosive forming
on the stress corrosion properties of types 304, 3i6 and 347 austenitic stainless
steels.
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2.6 United Kingdom

The stress corresion properties of three non-stainless steels, a NiCrMoV steel,
5CrMoV, and 18Ni maraging, are being investigated at the Fulmer Research Institute
(M.Giles). 3Specimers are proteccted by cadmium plate with and without paint, by phosphate
treatment and paint, and by sprayed aluminium. In some tests specimens coated with
deliberately damaged cadmium plate failed more quickly than unprotected control speci-
uens, although some lasted much longer. Parallel polarisation tests suggest that
corrosion-generated hydrogen may have heen responsible for the failures. The work is
being extended to include Brown tests and thin film electros microscc,y (G.Sanderson).

British Iron and Steel Research Association, Sheffield, (M.J.May) are also carrying
out Brown tests on several high strength steels. They hope to compare the results with
those from standurd stress corrosion tests; If the correlatien is good, thke quicker
Brown test could presumably be used instead of th> standard test for some purposes.

Stairless steels are being investigated at the Lrown-Firth Research Laboratories at
Sheffield (J.E.Truman), including polarisation studies. Alithoughk results so far
obtained were in agreement with those of most previous workers, viz that anodic polarisa-
tion in neutral 3% sodium chloride solutions accelerates the failure of tensile type
stress corrcsion test pieces, and cathodic polarisation at low current densities delayed
feilure, it was conciuded froaz fractographic evidence that in most conditions the
cracking was caused by failure of regiors which had becume embrittled by corrosion-
geperated hydrogen. The work was carried out on simple martensitic steels, Fe-13Cr
with 0.1, 0.2 snd 0. 3C which have least resistance to stress corrcsion when tempered
in tte range 350-500°C, hat many of th~ conciusions are considered equally valid for
nrecipitation hardening steels such as FV5208, FV520B and Rex 627 (14Cr5NiCuMoV).

The effect of minor impurity elements on the resistance of FV520S sheet to stress
corrosion is being investigated jointly at Bristol Aerojet Ltd, Weston-Niper-Mare,
(P.F.Langstone) and at British Ircn & Steel kesearch Association, Battersea, London,

(K. 2. Chandler). Tne results indicate that small additions of S, P, As, Sun and Al to the
high purity base improve resistance and S5i and Co are detrimental, but the effects are
overshadowed by those of surface prepuration; electropolishing, on those compositions

to which it gives a smootk, bright surface, imparts a very large improvement in
properties.

3. TITANIUM ALLOYS
3.1 USA

Of all materials with e high ratioc of strength to weight, titanijum alloys are of
zajor interest for a variety of aercspace and hydrospace applications. Titauium alloys
were believed at first to be highly resistsnt to stress corrosion cracking in the en-
vironments xnovn to cause failure of stainless :teels, low-alloy steeis, and aluminium
alloys. More recently, stress-corrosion-cracking type failures have been encountered
with a number cf titaaium alloys in such diverse environments as chlorinated solvents,

reons, methanol, and nitrogen tetroxide. In addition, it hes been found that flaws,
notches, fatigue cracks, etc, cen Ye made to propagate in such environments as seawater,
distilled wuter, and dry gaseous hydrogen at scustained stress levels which wouid not
otherwise cause failure. Interest in titanium for use in the supersonic transport (SST)
programmes s!so has rekindled concern for the problem of hot-salt crackirg of titeanivm
alloys.
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This occurrence of stress-corrosion cracking of titanivm alloys under unexpected
conditions has stimulated considerabie research effort on the part of both government
and industry. The research programmes cover a broad spectrum from basic mechanism
studies to plain testing and evaluation.

Present information indicates that cracking in most environments, with the possible
exception of N,0,, is at least in part elecirochemical in nature. The evidence also
points to a relationship becween susceptible paths for cracking and alloy content,
fabrication history, and heat treatment. Both high cluminium and oxygen contents
increase susceptibility to cracking. Some evidence also indicates that hydrogen plsys
a role in the cracking mechanism. However, it does not appear to be one of embrittlement.

Significant progress in improving behaviour of titanium alloys has been made through
alloying and heat treatment. Centinuing research in this direction is expected to
result in the development within the next several years of new allcys having iow sus-
ceptibility to crack initiation and propagation.

Representative research programmes now in progress, relating to titan.um alloy stress-
corrosion cracking, are sumearised in Table III.

3.2 Canada

A programme of titanium allo’ development directed tnwards imprcved alloys for Hydre-
foil and similar applicatioas is uader way in the Physical Metallurgy Division of the
Department of Energy. Mines and Resources (H.V.Kinsey} (see Section 2.2).

3.2 Italy

An investigation into the behaviour of titanium and its allcys in ncn-agqueous liquids

such as methanol has been carried out at the University of Milan.

3.4 United Kingdom

¥ork at Imperial Metal Industries Ltd, Bimingham, on stress corrosion failure of
titenjum &lloys in chlorinated uydrocarbons has been described by J B.Cotton in his
Paper No.7 presented to this Symposium. A small study at IMI using the Brown techniqug
has shown that scdium chloride lowered the K, of Ti2Cu alloy from 73 to 67 ksi x inch?
urits, and of Ti6Al4V from 50 to 37. Similar tests have been made at Jessop-Saville
ntd, Sieffield, (H.C.Child and A.L.Dalton) on Ti5AI2YSn, Ti6Al4V, Ti4Al4Mo2SnSi
(Hyiite 50} and Ti6sSn5ZrsAl%sS) (Hylite 55); the Hylite 50 alloy showed properties
superior to the Ti6Ai4V alloy despite its higher strength.

G. Sanderson and J.C.Scully at Leeds University have concluded that Lydride formation
is part of the mechanise by which chloride solutions aid the propagation of existing
cracks. Examination of thin foils of the susceptible Ti5Al24Sn alioy by transmission
electran microscopy showed that hydrides were formed in the surface when the alloy was
plastically deformed while immersed in 3% sodium chloride solution. This occurred only
in susceptible alloys and in environments that cause cracking. Subsequent corrosion
and cracking are believed to occur along the interfaces of the hydride matrices. where
there is a high density of dislocations. Similar preferential attack has been observed
at the long dislocation pile-ups that can be formed in the Ti5Al24Sn alloy by plastic
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straining. The seme workers investigated the hot salt cracking of titanium alloys and
concluded that dislocation arrays were rendered more reactive by solute atom segrega-
tion and were attacked by locally produced chiorine. (See also J.C.scully in the
Discussion on Paper Nu.T).

High Duty Alloys Ltd, Siough, (M.J.Rea) have cerried out hot salt :zosts on three
titanium allcys used for engine parts. Under sustained load at 350°C, .ot salt caused
only shallow surface cracking of Ti4Al4Mn alloy, but the ductility determined after-
wards at room temperature was much reduced. The Wohler fatigue properties st 350°¢
were, however, unaffected by salt. On the remaining alloys (SnZrMoSi types) salt

reduced both stress rupture iives and fatigue lives st 450°C. Further rests are in hand.

4. GFNERAL COMMENTS FROM TEE NATIONAL SURVEYS
4.1 USA

(a) Introduction

Corrosion and corrosion protection are matters of naticnal concern. Each vear the

United States government spends tens o1 millions of doilars for corrosion and related
studies.

By far, the area receiving major effort is that concerned with the premature cracking
of structurul materials due to the action of envimnments, generally referred to as
*Corrosior Cracking” (this term incliudes both stress-corrosion craci:ng and associated
hydrogen embrittlement or hydrogen-stress cracking). This is not surprising in view
of the catastrophic nature of the corrosion-cracking failure prccess, 1ts interest to

the sciscrntific community, and the critical concern of mlitary and industrial
establishments.

(v} Research phtlosophy

It is feirly well recognised by cur scientific and engineering community that one
of our most serious technical problems is the tendency toward stress-cerrosion cracking
and related phenomena in high strength-to-weight ratio materials. The probiem 1s
particularly critical with alloys used in advanced aeronauticai vehicies and undersea
structures and vessels. Many of cur problems exist today, while others are known to
exist in systems now in verious stages of development. Basically, our problem with
stress-corrosion cracking arises from having to uce materials for reasons other than
corrosion resistance, and from difficulties in following through from research and
development to application.

The desire on the part of the Air Force, Army. and Navy research agencies to deveicp
an effectiv. communicetions link between the theoreticai researcher and the engineer
has resulted over the past few years in a significant change in the US research
phiiosophy governing corrosion research goals., Most corrosicn research used to be done
after the fact. That is, the programmes were designed to find a solution for an exist-
ing specific problem, with only secondary interest in mechanism and 1nteract:ion of
metallurgical and environmental factors or why the protection scheme was effective.

In addition, much of the research suffered from lack of co-orainaticn with an overail
goal and often the useful information developed was not disseminated tc those who cculd
use it to best advantage.

o il




Today, however, the philosophy is cne of coupling, that is, creacins an atmosphere
in which the basic researcher, the applied scientist, and the engineer can he brought
together so as to develop greater familiarity with each other’ s problims. Wehave the
distinct feeling that the theoretical and academic researchers would hie more selective
in their area of study and provide more effective guidance to students {f they had a
greater appreciation of applied problems and their jmportance. By the same token. much
more of their research might be utilised if the enginser could visualise how research
on seemingly isolated and idealised problems related to the complexities of in-service
situations.

{c) Corrosion coupling programne

Perhaps the largest single effort in the USA directed almost entirely to developing
a8 solution to stress-corrosion cracking and related phenomena is the multi-miilion
dollar coupling programme sponsored by the Advanced Research Project Agency (ARFA).

The theme c¢f the programme is Environmental Cracking ss it applies to all metallic
systems. Hewever, primary effort is being directed toward three different structarsl
systems &3 represented by titanium slloys, aluminium alloys, and low-alloy high-strength
steels,

The programme is under the leadership of the Naval Kkesearch Laboratory with portions
of the integrated effort being conducted by industry (Boeing Company) md universities
{Lchigh, Camegie Institute of Technology, and Georgia Institute of Technclogs,. A
sumpmary of the areas of research and the programme directors for each ares is preszsented
in Table IV.

The programme basically considers thet there is a spectrum between 100% mechanical
factors and 100% chemical-electrochemical faclors and that the controlling factors for
any given alloy system will be somewhere in between. It is further assumed that environ-
mental coanditions will change the proportion of mechanical and chemical faciors tor
both tne initiation and propagation ¢of c.acks in a manner depending on the allcy
system. Another consideration is that flaws already present in a structure wiii pro-
pagate uader lcads and that a corrosion process such as pitting is not necessarily a
prerequisite to cracking. Some of the important component processes presently under
investigation are: anodic and cathodic processes, dislocation-surface intzractions,
dislocaticn-creck interactions, film formation, eavironmentsl bulk fracture phenomena,
and metallurgical and process variables. Oa the mere practical side. one phase of the
resesrch concerns the development and evaiuation of test techniques for the evaiuation
of the susceptibility of an »1lay to stress-corrosion cracking. Care is being taken
tc ensure that such tests will be sensitive to the wide range of environmental con-
ditions in critical service applications, both by industry and the military.

& smaller effort, ehich reflects the coupling theory, is being spon<ored by the Air
Force Materials Laboratory (AFM.) at The Ohis State Upiversity. This study, like the
ARPA programme, is concemad with fundsmental and applied mspects of eavironmental
cracking. 1Ia the mein, the research is concerned sith those materials and esviroumentsal
cenditions encountered by the Air Force. ‘The programme is so designed that students
doing basic research spend time at the APML learning first baad current aad Juture Air
Force problems and needs. The programze is under the direction of Dr M, G.Fontana,
Chairman, Department of Merallurgy. The Chio Stnte Univarsity.

A stk e




™

LR arrd Lo

P, L WAL L IR Y

PR g o e 1 W

WGE R A R AR,

B N e At L

(TS

YT ARG VAL LSNP PAULB GG I I W

- - L]
S e TR TR R A X - R e i

17

Details of projects have already been listed under the headings Aluminium Alloys,
Steels, and Titanium Alloys.

Neither of these integrated programmes has yet been in effect for a sufficient time
to provide a significant impact onr present thecry. It is expected, however, that such
programmes will provide the basis for an understanding of environmental fracture
mechanisms for structural materials, and will point out those directions most fruitful
to the development of alloys having a low susceptibility to stress-corrosion cracking
at high-stress levels.

(d) Other metals

The stress-corrosion-cracking characteristics of austenitic stainless steels is still
of considerable interest in the US. For the most part, these studies are centred around
compositional variations, both alloying and impurity elements, which influence sus-
ceptibility to cracking.

Some research is also in progress on both magnesium and beryllium-base alloys. This
effort, however, is minor when compared to that on other structural materials,

4.2 Germany

Besides the work on specific structural mevals, a fundamental investigation into the
mechanisms of stress corrosion failure is in hand at the Max Planck Institute at
Stuttgart. An outline of the present conclusions from this work has already been given
by Professor L.Graf in the discussion on Paper Mo.1, General Theory.

5. DISCUSSION ON NATIONAL SURVEYS

Professor Nutting was surprised at the apparent lack uf interest in the stress corrosion
of copper base alloys: such work was useful for gaining basic understanding. 4r Boyd
said there were several projects in the USA at universities and in the laboratories of
the copper producing companies., concemed, for instance, with the tolerable concenira-
tion of ammonia and with inhibicvers. These projects were not, however, co-ordinated
into the programmes on structural metals. Professor Graf drew attention to his work

on fundamentals which included work on copper base materials.

Mr Evans recalled the influence of the pH of the environment on the SCC of aluminium
alloys. Might it not be an advantage to add to a paint primer not only an 1nhibiting
chromate pigment but also a buffering agent® Professor Graf guoted Yatson's finding,
thut the SCC of brass was very dependent on pH. The rH determined whether the passive
film on the crack walls was cupric or cuprous oxide. Below pH 2 no fiim formed and
heice no SCC occurred because the cathode wall was ant enobled.

Squadron Leader Vernom spoke up again for the user. Greater care was needed during
design and menufacture. Detail design drawings should be overseen by qualified metal-
lurgists who would understand the problems iikely to arise. The wanufacturing sequence
should be such that compressive stresses were present in, or introduced into, the
surface, and tensile stresses avoided. Better quality control of [inal machin:ing was
needed. Machining was often subcontracted at production piece rates. Fast and heavy
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cuts were sometimes caken, giving local heating and leaving tool marks often on surfaces
hidden from view; many of the failures in RAF service had started at such surfaces.
Although advances in surface pretection offered the least promise for improvements in
resistance to SCC, improvement in protective schemes would be welcome. All external
surfaces of RAP aircraft would in future be pretected hy chromate pigmented epoxy
polyamide primer followed by a polyurethane top cost; the protection of internsl surfaces
at present often left unpainted, needed further thought

The maintenance officers problem was the comple.. unpredictability of where and when
a stress corrosion crack might start, and the knowlecdge that the subsequent rate of
crack propagation might be high tended to reduce cinfidence in aircraft structures
Design authorities had at no time predicted the otcurrence of stress ¢orrosion or fore-
cast a point of initiation. The maintenance offier's .isk -1as to decide what and where
to examine, when to start examining and how frequently tc repeat the examination. In-
spection was often hindered by :imited access ant: complex non-destructive techniques
were needed. It would be of the greatest value to have & ncn-destructive test which
would reveal high residual stresses in installed components.

In common with other users of aircraft, the RAF had at one time a serious probler
with fatigue. Fatigue was now resasonably estimated and controiied, but SCC remained
an outstanding problem. Were it not for the development of non-destructive techniques
for the detzction of cracks, many flying hours would have been lost and operational
aircraft grounded.

¥Mr H.R. Ashley said there was nc doubt that the effects of stress corrosion in aircraft
structures had been costly in time and money. Some self criticism was needed. He
thought two points in particular had arisen during the Symposium.

The first was the coming tcgether of what used to be thought of as separate subjects,
viz fatigue, crack propagation, fracture toughness, stress corrosion resistance, internal
stress and residual strength. The engineer must include consideration of all these
properties in his design. It was now more easy to see that the specialists in all these
fields were working to one end. If the Symposium had helped to bring about a fusion of
skills in all these fields, then it wouly have been well worth while.

Secondly, international standards were needed for tests for resistance .o SCC. We
had heard reference to the Brown test, the Boeing test, the Black and th', Vickers tests
and the Schmittkanten method. Many of the results from these tests ccrid not be directly
compared. A modified Boeing test might ve ccnsidered, using constant loxd instead of
consiant strain. The Brown test had the merit of speed, and of inc’uding o> notch effect
from the outset. All aspects of these tests needed careful consi-.eration, and an inter-
national lead would be welcome to all.
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NAVAL RESEARCH LABORATORY
B.B.Brown, Director
R. A. Meussner, Deputy Director
E.P.Dahlberg, Assistant Director
areas: electrochemistry, surface chemistry, oxide films, stress corrosion of

high-strength steels, electron fractography, low-cycle fatigue, fracture
mechanics concepts, strain hardening effects

BOEING COMPANY

R.V.Carter, Principal
D.E.Piper, Alternate

areas. generation and computerisation of mechanical test data, selectior and
characterisation of steels, Al, and Ti, advanced testirg concepts,
basic studies

CARNEGIE INSTITUTE OF TECHNOLOGY
H.W.Paxton, Programme Director

areas: surface physics, cracking of austenitic steels, plastir deformation,
electrochemistry

LEHIGH UNIVERSITY

P.C.Paris, Project Director
A.C. Zettlemoyer, Director. Surface Chemistry Centire

areas. fracture mechanics, surface chemistry

GECRGIA INSTITUTE OF TECHNOLOGY
R. P. Hochman

areas: LEED studies, electrochemistry, structure




