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THE SALT CORRCSION OF TITANITM ALLOYS
AT ELEVATED TEMPERATRES

ABSTRACT

The corrosion of titanlum by salt below 1100F is an overall oxida~
tion process that proceeds by the following steps: (1) chloride
selt reacts with titanium and surface oxides with the liberatlon
of chlorine; (2) chlorine attacks titanium metal; and (3) titanium
chlorides oxidize. The reaction is sustsined by (a) diffusion of

selt Into the oxide layer and (b) continued regeneration of chlorine,

Accelerated attack above 1100F i3 the result of a liquld salt phase
that forms and improves contact between alloy and csorrodent.

The attack of streased super-aslpha titanium alleys, processed below
the beta transus, is centered in the grain boundaries, Alloys pro-
cessed at higher temperatures corrode more extensively and orack
transgranularly indicating that alloy partitioning occurs and
results in thermal sensitizatlion. Chlorine 1z the primery cracking
agent .

The extent of the damage contributing to stress féilure can be re-
duced by processing alloy:contalning minimum amounts of hydrogen,
at low temperaturss,

Certsin mlnor alloy additlions, notably 0.2 percent palladium and
0.1 percent yttrium, slightly improve the resistance of the base
alloys to salt. Carefully applied, sdherent, non=-porous aluminum
and nickel plates, although susceptible to mechanleal damage, pro-
vide adequate protection of stressed super-alpha titanium alloys
below 1000F, '
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I, INTRODUGTION

The corrosion of titenium by 3alt at elevated temperatures was flrst-
reported as a result of investigating an occasional loss in ductility
observed after creep testing a particular titsnium allog. When specl-
mens were machined after oreep testing to remove about two mils from
the surface, no loss in duotilitg was evident. This surface phenomena
was at first explained as "omega' embrittlement, Subsequent work
showed that failure was due to salt corrosion., Traces of salt were
identified on the fractured surface of a speclmen by means of x-ray
diffraction technigues., The salt was traced to fingerprints as
indicated by thelr characteristic pattern.

Realizing the potential damage that could be caused by salt corrosion,
several laboratories began research work on this problem., Some of

the results of this work were published in a cooperative effort by
four of the titanium producers and Fratt and Whitney Alrcraft Compeny
in 1957(1), Although considerable information is available on the
corroslon behavior of titanium in molten salts a?g in aqueous salt
solutlons, er yeports such g2s TML Report No, 88 ) and WADD Technical
Report 60-191{2) contain Information on the dry salt corrosion of
titsnium and titenium allocys st elevated temperatures,

TML Report No. B8 showed that 81l titanium alloys produced prior to
the middle of 1957 sre vulnerable in varying degress to 3alt corrosion
at high temperstures, The nature and extent of the damage caused by
g4lt corrosion 1s s functlon cf the load, time, and temperature, The
salt attacks the grain boundarles and produces sizeable pits, at above
about 750F, which are precursors of tho stress corrosion cracking of
titanium alloys, Thils actlon decresses the cross-sectlongl area and
produces nutches which markedly decreasse the tensile duetility., Rapid
general corrosion of unstressed samples *n intimate contact with
sodlum chloride was reporied for temparaturas above 1100F,

Some data supported the expectation thet anodlzed f1lms would retard
thecorrosion, but WADD Technical Report 60-1911</) ghows the pro=
tection of thy ocxide film to be loat in tlme by dlrect reaction with
the chloride salt. The incubatiom perlod for crack Initvlation Copends
uponn the thickress of the oxide fllm and on tempersture and stress,
The reactlion 1ls accelerated when corrosion products lower the melting
point of salt, flux away the oxide film, and form & llquld lasyer on
the metal surface. After the oxide film 1s eliminated the corroslon
process 1s baslcally electrolytic.

(1) Numbers in parenthesls identify references appended to this
report,
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Phese laboratory tests arv cchducted mder muoh more sever
than would normally be encowmtered, At the preseat time, no service l
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failure aan be attributed to salt corrosion, ner are there any-imown
applications within the stress and tenmpersture ranges where fallures
would be expected. The alloys being produced are limited by thelr high

temperature meobanical and strength properties, particularly ereep, but
not by salt corrosion,

As new performsnce frontlers are sought, however, the demands increase
for materisls to withatand operatlon at increaaingly higher tempera=
ture and stress levels. Super=alpha and heat-treated alphe~beta alloys,
having favorable high-temperature mechanical and strength propertles,
have been developed recently. However, the high-temperature applica=

tions of these new alloys may be limited by thelr vulnerabillty to salt
corrosion,

The Bureau of Aeronzutics, Department of the Navy recognized the
seriousness of this problem and awarded Crucible Steel Company of
America Contract NOas 60~6004-¢c to conduct & research study on the
salt corrosion phenomena, Thls research program, based on our
proposal ML=59-3¢, deted 28 May 1959, haed the following objectives,

l, To study the naturc and mechenism of the corrosion snd cracking
of titanium by salt at elovated temperatures,

2, To evaluato the performance characteristics of the newer titanium

alloys, especially Ti-841-1Mo~1V, Ti-12Zr-7Al, and Ti-B8A1-8Zpr-1

(Cb + Ta), wnder conditions which may result in salt corrcsion
and coracking.

3. To apply coatings for salt corrosion resistance.

4. To study the influence of procossing and alloying in an effort to
minimize salt damage at high temperature and stress levels,

These objectives were pursued by combining a fundamental atudy of the
hot salt ocorrosion phenomena to provide a baeis for suggeeting means of
Ineressing the corrosion resistance of titanium—base matorials with an
Investigation of coatings and special processing designed to protest
titanium agalnat salt corroslon st elevated temperature and stress.

I, 8 AND CUNC ONS :
This report describes research conducted under the Bureau of Aeranautios,i
Department of the Navy, Contract NOas 60-600L4=c, The objectives of this
program were to study the basic salt corrosion phenomena, and means for

minimizing the damage caussd by salt on the super~alpha titanium alloys |
at elevated temperatures,
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The scndltions Tor reaction and the products of reasetiom were estab-
1ished. The reaction requires oxygen or a reducible oxide, and 1isa
aoccelerated by certain oxides., Chlorine 1s an important reactiion -
‘product; it attaecks titanlum readily and is recycled by the oxidation
of the titanium salts, Consequently, a trasce of chlorlde salt oan
produce extensive damege., The damage 1s a direct fwmotlon of time,
temperature and stress level, Evidence was also found of a liquid

corroaion phase above about 1100F which 1s colncident wlth a marked
inecrease in general salt corrosion.

In the super-alpha alloys and Ti~6Al1=-4V (C120AV), the threshold for
general salt attack occurred at 800F. Application of stress reduced
this threshold attack to 600F, The upper temperature limit for atreass
corrosion was foumd to be alloy dependent, i.6., SO0OF for Ti~-6A1-}4V,
900F for Ti=8A1~1Mo-lV and above LO00OF for Ti-12Zr-T7Al, Stress does
not appear to accelerate general attack or promote stress corrosion
cracking ebove these temperatures, The rate of attack 1s then tem~
perature dependent.

In the study of processing effects, it was discovered that the super-
alpha alloys could be sensitized to both squeous stress corrosion
cracking, and to elevated temperature salt attack, by prior excessively
highr temperaturs exposures, As & corollary to this effect, improved
raeslstance to salt attack was obtained by laboratory processing st
temperatures below the recrystallization temperatures. Evidence to
date indicatea that high-temperature sensitization in titenium alloys
1s assoclated with alloy partitioning and the formstion of a sub~
microscopic¢ secondary phase,

Of the numerous surface treatmentz and ccatings tested, nickel plating
and aluminum coating~-both dip and flame spray--offered the best pro-
tection againat salt attack, Whon applied with & minimum thickneas

of 0,002 inches, protecstion was obtained to 1000F, Nickel-plated, as
well as aluminum=coated, materliasl suffered a deoresse in room tempera=
ture fatigue strength whiesh, however, we believe may be remedied by
development of 1lmproved techniques for surface preparation and coating,

III, RECOMMENDATIONS FOR FUTLURE WORK

The results of this exploratory investigation on the problem of ele-
vated tempersture corrosion in titanium alloys has ylelded further
information on the nature and mechanism of the corrosion phenomena,
In addition, the diseovery that titanium alloys can be “senaitized™
by excesaively high temperature exposures is likewise of basies impor=-
tence, These results together with findings on the special alloying
phase of thils report strongly suggest the following areas of study
for a solution to the salt corrosion problem:

Crucible Steel Company of America Final Technical Report
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of the liquid eprrosion phasge,

2., The composition, nature, and role of the metallurgical phases in~-
volved in the sensitizing phenomena., Since all of the atudles. to
date indicate this phenomena to be associated with alloy partition-
ing and the formation of a fine secondary phase, a atudy of the
phenomena would necessarily ineclude electron mlerography and
electron probe analyses,

3. A theoretical and empirical study of individual and multiple alloy~
ing elements to catalogue their effects on the corrosion phenomena,
Hore, theoretlcal cmsideration of alloy additions would include
deoxidation capacity, electrochemical nobility, and atomic size of
both the metal addition and its oxide.

h. The application of these and previous findings for the development
of additional salt resistance in the important current and new
titanilum alloys,

IV, LITERATURE SURVEY

The literature was surveyed for the most part from 1950 to the present.
Primary importance was placed upon Tltanium Abstract Bulletin, Crerar
Metals Abatracts, Chemlcal Abstracts, and the ASM Review of Metal
Literature as referense sources, The original articles were consulted
when avallable, but in the case of forelgn language articles rellance
was usually placed upuvn the abstracts for an understanding of the text,

With tPg exception of TML Report No, 88(1) and WADD Technlcal Report
60-191 ), there is little published information directly related to

‘the problem of the dry salt corrosion of titanium st elevated tempera-

ture and stress, A serles of articles 1s available on the corrosion

of titanium by molten salts and these will be discussed later, Articles
on the corrosion testing of titanium in equeous salt systems were ex-
ocluded from consideration except in those few cases where stress
eorrosion eracking wes of primary importence. It would be well to
begin by examining the state of the art as it applies to the hot salt

ocorrosion of metals other than titanium before entering into the
titanlup corrosion problenm,

A Sa Corros of Meta Titan

Previous investigators of salt corrosion were concerned almost ex-
clusively with the effects of molten salts upon metals., Under thease
conditions there is limited access of oxygen to the metal surface, and
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W minY 0dses the vapors above the salt baths are more corrosive than

the salt bath itaelf,

A recent paper deals with the rapid intergranular attack of 18«8 °
atainlest ’teels by oxygen and dry sodium chloride at elevated tem=-
perature 37, The corrosion process involves the migration of oxygen
and metal vapor to the metal surface whers they apparently react with
chromium or chromium oxide in the steel to form a non=protectlve
sodium chlorate containing scale. Chromium carbide in ths grain
boundaries acceleratea intergranular attack, Stress appears to have
only a minor influence on the rate of reaction.

Several studies were made on the sorrosion of metals In fused alkall
halides. Inconel eleotrodes are found to be only slightly attacked
by fused sodlum chloride-potassium chloride at 1500F unless the bath
18 made alkaline, Hbvﬁxer, very large amounts of alkall depress
electrode destruction o Russian investigators showed the rate of
corrosion of iron increases with temperature In molten carnasllite
(KC1+MgCl,*6H0) dehydrated with dry hydrogen chloride, whereas, the
rate decfgsaes in molten carnallite dehydrated with ammonlum chloride
Gurovieh
in molten potassium, sodium, and lithium chlorides and found that
corrosion ineresses for the same metals wlth the following order of
the cation radlus: Lml(gsCl 2KCl. (The reverse order was found to
y ' hold true for titenium,)!3 Eloctrochemleal studies of nlekel,
ocopper, and iron versus s platinum electrcde In fused alkall halldes
show the galvanic corrosion to be smaller than the actual corrosioen

of the metal by ng fused salt, The ratlo of both types 1s influenced

by the salt lons

The corrosion of nlckel-base superslloys by potassium chlorid? 3nd
lithium fluoride was studied at temperatures of 1600 to 1G00F 8.
Oxygen was necessary for oorrosion to ococur, but stress serves malinly
to ruptwre specimens already weakened by severe Intergranular attack.
The salt prevented the formation of a protective oxlde f£ilm and the

oxide corrosion produsts differed from those normally formed in the
absence of salt,

Investigations on the compatibility of metals with fused fluoride
salts show that protective films are fluxed away by molten rluor%gss
exposing the metal surface to an accelerated attack by the salts\7/,

Gurovich(lo)also 1nvest1§:ted the corrosion of nieckel, copper, dur~
alumin, and some steels molten nitrates of lithium, sodium, and
potassium. The metals were found to lose weight through solution amnd
gein welight through scaling. Colored surface films were obtained,
The cation radius does not have as decided an effect on the rate of

Crucible Steel Company of America Pinal Technlcal Report
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" oorrosion as Gurovieh had T'ound to be the (‘g"’"‘se T an earlier Invest I' -
gation conducted in molten alkali halides'®/, .

The resistance of sixty-flve cast Iron-nickelw~chromium alloys to
eorrosion in moltﬁ ?outral heat treating salts was studied by Jaek~
son and La Chance'll’, Intergranular corrosion along earbide networks
is found to be more severe than metal loss by solution.

The effeots of molten boron oxide on high=temperature alloys were
studied, Some alloy oconstituents such as titanium at lew meenﬁra- i
tion levels reduce alloy resistance to molten boron oxide .

Smith(n'm’lS)and his co~workers showed selective leaching of alloy-
ing elements to be a predominant aspect of the corrosion of nickel
base materials In molten sodlum hydroxide. Subsurface porosity
develops Into a maze of channels which in most cases travel through
the bulk of the material, Several review and survey articles are

available which are Rdicaiéye of the interest 1n the fused hydroxide
corrosion of metals(16,17, .

B, High Temperature Properties of Titanium and Titanium Alloys

Several articles are avallable which provide mformati?n on the high
temperature proncrtlss of titanium and titanlum alloys(l9,20,21,22,23),
Information on the high temperature properties of these materials may
be of value for comparison purposes in the testing program, TML Report
No. 82 also presents an extensive bibliography on the subject.

C, Oxidation of T{tanium

Sinee hot salt corrosion appears to be en oxidation process which pro-
ceeds by first destroying the normally protective oxide film, informa=- |
tion on the oxidatlon of titanium is important, |

The oxidation of titanium proceeds by two mechanisms: (1) the f‘”(Eﬂ?
tion of a surface film, and (2) diffusion of oxide into the metal .
Phase boundary reactions are the rate gontrolling factors in the
initial stages of oxidation, ?gt in time the rate of difrusiom through
the oxide scale gains controll25), The corrosicn ocours in stages
involving ohemlscrption, penetration of ox¥gen by ngTisorptien into
the metal lattice, diffusion of oxygen in titanium , and the
apparent dirrusi?n of titanium ions outward through the layers of

titantgm dioxide!25), The diffusiom processes are not fully wmder~ :
stood(27), The speed of heating and the preasui-g gf oxygen also exert 1
a strong influence on the oxidatiom of titanium'28),

Kofatad and Haurre(26)studied earlier work on the oxidation rate of
titanium to explain the mathematical relationships that exist between

Crucible Steel Company of America Final Technical Report
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" time and oxidation, Belew 575F they found a alow, Jogarithinle re~
lationship, Above S75F absorption o6f oxygen becomes noticeable and
between about 650F and 1200F a cubls relatiouship holds, Frém sbout
1300F to 1528F the relatiocnship is parabolic and from 1875F to 1750F
it 1s linear, As oxygen absorpticn inoreased the atudy became more

difficult, but above 1750F the results indiecate a parabolic relation=-
ship.

Kotatad(zq)propoaes the following mechanism for the oxidation of
titenium: the logarithmle rate law is Interpreted as oxlde film
formation possibly governed by a Mott=type mechanism; the cublc rate
law 1s assoclated with the diffusion of oxygen into the titanium
metal; the parabollc rate law 1s related tc the usual high temperature
mechanism as desoribed by Wagner; and the linear raste law results from
cracks in the oxlde scale brought about by stress,

The ultimate product of the high temperature oxidation of titanium is
the rutile modification of titanium dioxide (Tioa), howev?sa the
posalblility of lower Intermediate oxides exists,”™ Trillat )found
that at temperatures of about 575F ﬁnd 750F and reduced oxygen pres-
sures of 5 x 10~3 mm Hg and 2 x 10~4 mm Hg, respectively, titanium
monoxide (T10) was formed, but in the same order at temperaturss of
750F and 1025F and at the same low oxygen pressures the products are
enatase and rutile. Another Investigation showed a colored corrosion
product, which resembled titanium sesquioxide (T1203) and titanium
trioxtde (T10,), to form as a f£ilm on titanium in“ “air at sround

1 75F 307, A& examination of the inner porous layers of titanium
samples annealed at about 1475F, 1825F, and 2200F showed them to con-
gist of titanium monoxide, titanium sesquioxide, and titanigT dioxlde;
the outer layer of titanium dioxide has a rutile structure ).

A recent Russlian investigation showed moist air to be less corrosive
than dry air below 1300F, but at higher temperatwres moist air was
more oorrosive, The Investigator attributed the sharp inecrease in

corrosion rate above 130?F So dissoclation of water vapor and its
effect upon the reaction(32),

The oxidatiocn behavior of titanjum is summsed up in the abstraocts of

a recently published article!33), Some of the aspects of the oxidation
of titanlium are:

1. Effect of temperature - rapid oxidation above 1300F,

*centigrade temperatures have been converted to their approximate
Fahrenheit equivalents for consisteney in this report.
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Effect bf-iiéQaure = 8 minimum oxidation rate exlsts at &

certain pressure for a given temperature,

"Whisker" formution on the oxidiged surface - maximum

do;elopment epparently correlates with the above pressure
erfect,

Effect of nitrogen in air - its oxidation 1lnhibiting effeot
is much stronger than that which could be attributed to
dilution.

Effect of alloying elements = aluminum, columbium, tantalum,
and tungaten decrease the oxidation rate, and tin increases
it, Columbium, tantalum, and tungsten, however, do not pro=~
duce the lmportant oxidation-inhibiting action expected by

the theory stressing the importance of unocoupled oxygen
g8ites in the rutile lattice.

Diffusion = titanium diffusion through the oxide layer playa

a much more important part in the oxidation process than is
currently belleved.

D, Hot Salt Corrosion of Titanilum

Published information on the hot salt corrosion of titanium falls into
two cetegorles~-the corrosion and cracking of titanium by dry salt and
corrosion &and pyrosol formation in fused salts. Corrosion in fused
salts usually occurs at &8 higher temperature with limited access of
oxygen; corrosion by dry salt occurs above about 600F and in the
presence of a large excess of oxygen (air).

1,

Crucible Steel Company of Americs

Dry Salt Corrosion of Titanium st Elevsted Temperature and
Stress

A report on the dry salt corrosion of titanium alloys at ele-
vated temperatures and stress was prepared by the four major
titanium producers and Pratt and Whit?eg Alroraft and 1ssued
as TML Report No, 88 in November 195711), All of the alloys
reported in this publication are vulnerable in varying degrees
to salt corrosion at elevated temperatures with the extent of
the damage dependent upon the load, time and temperature,
Stress corrosion cracking per se is reported above 600F; rapid
general corrosion of unstressed samples occuras above 1100F,

The report proposes the following mechanism to account for the
hot salt corrosion of titanium:
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{1} 8, 2Ne0l #+ TL 40, = NﬁéOé + Tlcié or
b, 2NaCl 4 Ti 4 T10, + %oa = Na,T40, + T101,

(a) TiC1, + O, = 710, + C1,

(3) T14 01, = 7101,
Wiorcsscple examination of & sample of Ti=75A a few minutes
after removal from a furnace in which the sample was held for
two hours at 1100F revealed corrosion pits filled with a black
substance, Aa the apecimen cooled, rapid liquefication of
this black substance ogourred and waa followed by the evolution
of a gas, The above items are conaiatent withthe chemistry of
titanium dichloride, At high temperatures titanium dichlorlide
should react with the oxygen in the air to yleld titanium
dioxide and free ochlorine, however, attempts to detect chlorine
in the corrosion studies failed in the presonce of pure sodium
chloride, Gas having the color and odor of chlorine was obe~
served when the s0lid corrosion product, resulting from tie
high temperature exposure of titanium to a mixture of sodium
chloride and an acldic oxide, was broken apart, Acldic oxides
were raported to accoclerate tho hot sz8lt corrosion of titanium,
but the speciflc effect of the oxldes on the corrosion mechanism
is In doubt, The presence of oxygen or a reducible oxide 1s
necessary for continuation of the resction mechanism, For this
reason there was no attack of titanlum samples by sodium chlorilde
in experiments conducted under high vacuum or argon atmospheres,
However, the concentration of oxygen was found to have little
effect on the rate of corrosion, Sodium chloride may not react
with titanium dloxide in the absence of titanium metal, but the
protection afforded by a dense adherent film of titanium dloxide
1s not sufficient to proteet the metal from hot salt corrosion.

3

Work done at Armour Research Foundation showed that film pro-
teotion 1s lost by direc ?hemical reaction of the chloride
salt with the oxide £ilm'2/, After elimination of the film,
sodium chloride and titanlum resot electrochemically to form
titanium dichloride., According to the proposed mechanism,
the dichloride disproportionates to form the tri= and tetra=~
chlorides which depress the meltlng point of the salt layer
adjacent to the metal to form a liquid salt mixture. The

corrosion rate is proportional to the amount of fused salt
present,

Corros 0 a Fused Salts

Most of the related work which may shed light on the salt
oorrosion of titanium was performed in molten sodium chloride
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Oontract NOas 60«600h=c

a0

e

t

s 0o SESIHCAb I Mgt e N BN !




SRR

3y

Crucible Steel Company of Amerlea

””1°q

by Straumanis and his associates(3h thru hl). It was found .
that titanium corrodes quickly under the surface of molten
sodium chloride in the presence of air, The obsexved procesas
i1s an oxldation in which oxygen diffuses through the melt and
dissolves in the metal., At a concentration of 6.2 weight per
cent oxygen the surface layer breaks off and disperses itself
in the melt. The separation of the surface layer of Ti0_ from
the metal gives rlse to the observed repid corrosion, e
wolght loss va Y%Ee gsd the rate vs temperature relatimsehlps
sre both linear'34,35), The shief corrosion products are &
dispersion of titanium motal in the molten salt (pyrosols)
mixed with titanium oxides, The liquid mixture is dark gray,
but appears blue=black in the solld state., Small amounts of
white=to~yellowish oxides, which appear on the surface of the
salt bath, consist mainly of titsanlum dloxide, Progressively
leas corrosion ococurs in potassium, sodium, and lithium
chloride melts, The most severe corrosion was noted in meolten
equimolar mixtures of sodium chloride and sodium fluoride(36),
At higher temperatures lower chlorides of titanium are formed,

possibly by the reaction of the pyrosols with the melt accord~-
ing to the reaction

T1 + 3 NaCl = TiCl3 + 3 Na
The sodium partia}%g)evaporates at working temperatures of

1650F and greater The pyrosols ha 3 bSS? used to coat
ceramic and metal objects with titenium 8, .

Of twenty metal chlorldes tested only the chlorides of iron,
nickel, copper, cobalt, and cadmium were found to promote the
sorrosion of titanium in fused salt. The reasction appesars to
ococur s follows:

"

Ti + 3 CuCl
T1 + 2 CuCl

3 Cu+t T1013

2 Cu + TiCl_
[4

In time, a white vapor, from the hydrolysis or oxidation of

titanium tetrachloride, appears ab?ﬁs the melt and suggests
the following reactions take place )s

3 T1012 =TL 4+ 2 T1013
L T1013 = T4+ 3 Ticlh

Measurements of the electrochemical potential of a cell cam~
sisting of titanium encased in a porous alumina dlaphragm;
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sodium chloride, potassium chloride, or an equimolar mixture of
the two salta; and platinum were made at temperatures of 1L75F
and 1650F, An e,.m.f, of about 0,5V was consistently measured
in the presence of a vacuum or inert gas, In the presence of
alr, oxygen, or water vapor, e.m.f.'s of 1,}2=1,53V were ob=-
gerved, It was presumed that eathodiec depolarization was
responsible for the change and that the net overall reaction
ahown below, results in the formation of titanium tetra-
chloride(ll),

+ u*
TL 4 L4 Na- 4+ 0, =T1" + 2 Na,0, or,

T1 + I} NaCl + 02 = '1‘101h + 2 Na20
Kreye and Kellogg(uZ)discussed the equilibrium that exists be-
tween titanium metal, titanium dichlorlde, end titanium tri-
chloride in sodium chloride-potessaium chloride melts, In the
temperature range of 1300-147SF divalent titanium makes up
87=91 percent of the total titanlum dissolved in the salt; the
remainder of the dissolved metal with the exception of lesa
than one percent as tetravalent titanium 1s trivalent titanium,
The equilibrium consatant for the reaction

TiClB(NaCl-KCl melt) + %Tio(C) = 3/2T1012(N301-K01 melt)

is apparently a funetion of the total titanium concentration
in the melt. These fﬁs?lts are In agreement with the findings
of Mellgren and Opiel43)whc found 78-93 percent of divalent
titanium In sodium chloride=strontium chloride melts between
1200 and 1475F, Varying the solvent composition In this case
markedly affects the equilibrium, The amownt of divelent
titanium in the melt decreases with inoreasing sodium chloride
content,

Dean, etal(uu'ug)showed that the relatlonship between log
T1013/T1012 and the sodlum content of the bath 1s linear
for a“constant titanium content of the bath and dlscuased the
mechanism of titanium deposition from fused sodium chloride,

Skinner and Runhrweln(u6)determined the equllibrium in the
reaction of titanium with sodium chloride, The following
reaction is found to proceed to a measureable extent at tem=~
peratures of 2575 to 3325F:

2 NaCl(g) + Ti{e) = 2 Na(g) + TiC1,(g)

Approximate thermodynamic calculations show that titanium di-

chlor%de is the only titanium chloride present in an appreciable
amownt ,
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Komorek and Hbr&aymenke(h7)-preaented~a*phasa*diagrum‘rvf“““
the titenium dichloride~sodium chloride system. The euteetic
point occurs at 1121F and 50 weight perocent of titanium, A
peritectic reaction at 1165F results in the formation of
NaCl+TiCl,, Another compound, 2Na01-T1012 decomposes in the
solid stage at 1018F,

An investigation of the equilibrlium between titanium, titanium
tetrachloride, and titanlum dichloride revealed that the .
reaction of titanium with titanium tetrachloride begins =a¢
650F to form titanium dichloride, and that the decomposition
of titanium dic?&gside to titanium and titanium tetrachloride
begins at 1200F .

E, Fusion Products of Sodium Compounds and Titanium Oxides

conjeaud(hg)made @ study of the condensaticn products of titanla vapor
on single crystasls of heated halides, The thin films of titanium di~
oxide when condensed on orystals of sodium chloride, gotassium chlorlde,
sodium iodide, and potassium lodide and heated above 8L42F show, by
electron diffraction techniques, polyorystalline patterns that de not
correspond to snatase, rutile or brookite. Conjeeud believed that an
orthotitanate or acld titenate 19 formed as the recaction przduct.
Thermodynamic calculations, presented in another section of this

report, also Indicate that sodium titanate 1s a key product in the
corrosion of titenium by salt at elovatzd temperaturcss,

The Bureau of Mines provided data on the h?gg gggtents arnd haas cap=
acities of Na,T10,, Na,Ti Oy, and Na,Ti,0 »21), These zompcunds

are prepared gy hgatin the stoichioﬁetaiz amounts of sodium sarbenate
and titanium dioxide in a platinum crucible at L650 to 2000F for
several howrs with constant pumping to remove the carbun dicxide., X-ray
examlnation proved the orystalline character of ths preparsd materlals,
but no data were avallable for chocking the different patterns,

X~-ray powder photographs taken by Barblan(sa) indicats that Ne,T1i.,0
has a structure similar to that of Na Tiao o but has s smailer‘un§b7
cell. Na,Ti10, evidently has a differgnt t¥pe of structure, Rotation
phot ographs téken around the C-axls of Na,T1 05 show the wmit cell
containa elght molecules of Na T 205 with thg following dimensions:
a, 13.49; b, 16.66; o, 3.808; @ 3.42. A structure of linked
octahedra similar to vanadium peritoxide 1s suggested,

The formation of sodium titanates from sodium carbonate and titanium
dioxide atarts with the decomposition of sodium carbonate and diffusion
of the resulting sodium oxide into the titanium dloxide, The titanate
forms in the solid phase as the culmination of a series of Iinteractions
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T between the two oxldes duringm:hich the chemical and physieql pra
tles change gradually with ¢ snd temperature, The inltlal pradu
of the reaction has & mebabitanate compesition (probably a mixed-exide

correaponding to a Na,0+T10,) regardless of the ultimate product; but

mixtures of difrarantzpropogtiuns form the metatitanate only at tem-
peraturea(géfher than those needed for the formation of the other

compounds

The generally accepted T§}§1ng points for the compounds were reported
by Washburn and Bunting'%/and are as follows: Na,T10 , 1886F; {55}
Na,T1,0., 1805F; and NapTi,0,, 2062F, Budnikov anfl Trdsvyats!kiy
reforfed melting points>or 2886F for Na,T4,0, and 1881F for Nagli.0,) .
They found no evidence for the axistencg of Na,T10, and NasTis0

by thermal analysis in a renge of from 100 to 55 mBle Bercent %f
titanium dioxide.

LA A b A b

Lux(sb)investigated the equilibrium in the Na,0-Ti10, syatem and found

that Na,T1,0; Is less basic than Ne,T1,0; in “thg 3§tect1c mixture
(64 mol8 pgrgent of titenium dioxidd afid 18057) (E5) and decomposes to

soluble Na,O0=Na,T10_ and an insoluble Tloa-rioh product according to
the rollougng rgaetions:

2 N°2T1205 = NazTio
: ’ 3 Na2T10

3 + Na2T1307
5 2 Na,0 + N32T1307

In addition to the compounds already mentioned, & number of sodlum
titanates of a variet¥ og sompcositions have been repcrted in the
literature, Viltange 57 reported the preparation of Na TiOh by

heat ing s?géym peroxlide and titanium dioxide in the solid ™state.
Bichowaky reported the formation of Na TiBO and Na,Ti,0, by

heating titanium carbide, titanium nitridg akd sodiuft oérécnate

below the melting point of sodium carbonate, Sodium eoyanlde 1s

formed quantitatively during this reactlion and 1s remecved by distil~

lation et 2730F, If either HahTi 07 or Na2T1306 redct with water

N32T16O and sodium hydroxide ard !formeds Na T16°11 13 repcrted
to"be qﬁ}te stable. The existence of Na, Ti0 , NaBTg 0. 3y and N°2T15°11
were detefgsg by reacting titanium dioxide bo1th® S Usedtum (60)
hydroxide . Naﬂr103 1s also reported as a product of this reaction'™./

Reaction was reported between a titanium crucible containing a high
chrom%zm\alag and a flux of sodium peroxide and sodium carbonate at
14,00018)), The reaction was sufficiently exothermie to tranaform the
metal to the @eloular structure 2f UTilua titanium,

Crucible Steel Company of Americe Final Technical Report
Catract NOas 60~-6004=c




W

In addition to causing general corrosion of an wnstrossed samiple;
sodiun chloride is aiaso reported to cause cragking of titenium alloys
under atress at elevated temperatures, All of the commercial alloys
that were tested are susceptible to oracking above certain tempera=
tures (600F) and stresses (about 30,000 psi) in air in the presence
‘of sodium chloride, Neither the limits of the corrosion reaction nor
the mechanism has been established, however, the resction has been
shown to be dependent upon atreas, temperature, and time and appears
to be 2 fgsm of stress-~ocorrosion cracking attributed to sodium
chloride .

Titeanium 1s, in genersl, fairly resistant to atress corroaion(62’63).
Stress corrosion cracking has been observed 1n only a few environments.
The most notable of these environments 1s anhydrous (less than 1,5
percent of water) red fuming nitric acid, Furthermore, corrosi?zh?ay
proceed with the occurrence of an explosive pyrophoric reaction o
The pyrophoric reactlion 1s not, apparently, assoclated with stress
corrosion cracking but depe?da on the amommt of water and nitrogen
dioxide present in the acid 65). The extent of corrosion and the
tendency for a pyrophoric reaction to occur Increasses with Increasing
nitrogen dioxide concentration and decresses with increasing water
concentration in the system: nitric acid-nitrogen dioxide-water,
These variables slso control the formation of a dark co?ggeg of finely
divided titenium which preceeds the pyrophcric reaction .

Several cases of stress=corroslion crackling have been reported in the
presence of amall amounts of hydrochloriec aeid, but 81l of these

cases Involve a Ti-5A1-2,58n slloy., The alloy, stressed to 90 percent
of the prop?gtional 1imit, failled in 10 weight percent hydrochloric
acid at 95F(07), Cracking resulted from selective attack of the beta
phase and propagated along the grain boundaries, It was proposed that
hydrogen formed at the local cathodes, embrittling the alloy, and con-
tributing to its failure, The Ti-5Al=2,5Sn alloy developed extensive
cracks 8t the welded joints after lmmersion in a chlorinated hydro=-
carbon containing 0,017 persent of free hydrochloric acid at TOOF,

The oracks were usually transgranular and had a decided tendency to
follow the rolling direction., A correlation appeareg Eo exist between
the stress level and the susceptibility to crackinglb8),

The corrosion of titanium by molten cadmium 18 a speclal case of stress
corrosir-, oracking., If the cadmium 18 molten and the titanium oxide
film is ruptured the cadmium nenetrates 1?gssgranularly. If the
titanium is under stress, or.cking oscwrsi®9),
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The sugeeptibilitg to salt corrosion can be redyced by fhe use of .

" egoatings serviceable at high temperatures., Ancdle comtings glve .
coprosion resistance to titanlum at low temperatures while metallic

or ceramic coatings seem beast suited for high temperature applica~--

tions, Bleotroplated metal coatings do not form satisfactorlily mm

titanium unless proper surface treatments are firsat performed to

provide an oxide~free surface essentlal for the adhesion of the deposit.

. Sprayed metal coatings tend to be porous and may not provide the
desired degree of resistance, Evwaporated metal coatings (metal from

an electrically heated filament deposits in an Inert atmosphere) have

low porosity, but the initial investment 1n coating equipment 1s high,

Titanium alloys have not been coated satisfactorily with ceramic coat-

ings because the metal tends to oxi?iz? and become embrittled when

the ceramic is fused on the surface(70), Nevertheless, developments

in sach of the above areas make them worth considering for protecting

titanium-base alloys from salt corrosion.

o

1, Anodizing of Titanium

Titanium hgs ?een anodized boric(71), chr mic(72), nitric(73),
perchloricl7l), phosphoric( +/, and sulfuric 71(75; gcid solu~
tions, and in potassium hydroxide 72) and borax solutions.

A rutile costing forms in borlc and perchlorlc aclds whille 1?
sulfuric acid the coating 18 a mixture of rutile and anatase 71).
These coatings offer some protection against corrosion in the
gbsence of fluoride salts In aqueous solutions, however, it 1s
doubtful that they would provide adequate protectlon agalnst

salt corrosion at high temperatures,

Electrolysis of titenium in & O,1N potassium chloride ?o%ytion
at about 12V gives a thixotropic hydrous oxide costing(7b),

Anodizati 8 accomplished in a fused salt electrolyte at
about 575§?7¥3.

Cathodic hydridation gives titanium a hydride film (TiH,)
which, apparently protecta it from attack by up Y?B?h WGight
percent of hydrochloric acid at room temperature .

2. Metallic Coatings for Tita

plated wit ch metals as brass
ahromirg(79 , copper 885&13’ gold?eag, niokel?aoaals, piatinum,
s1lver(80), and zine'®2)by conventional plating techniques. A
large amount of patent literature exlsts on the subject of the

electroplating of titanium. Plating 1s generally acnomplished

Titanium caxn be eleo{s

i the < a2t
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by conventional means and the major differences im the pa

are the methods of treating the sauple prior to elsshropli
The pre=treatment ls necessary to provide -a surfass—to which™
the metal being plated adheres readily, . Reference to gome.of

the patents is given in 593 bibliography showlng patent number,
date, and metal noating( o - S e

Adherent metal coetings can also be formed chemically by de- :
positing a metal which is elecgrgnegagivg to“the batse metal. i
This chemic rocess ig_te electrolesa™ plat Coa s

of alumi? ?bh?. niekelf85o§2?, nickel-phosphorous*gq’, tintéﬁi,

and zinel%9) have been formed by this method,

Coutings of molybdenum have been applied to titanium by spray
and vapor~deposition methods, The wear=resistant coati?s
does not change the microstructure of the titanium basel90,91,92)

Ceramic Coatings for Titanlum

In an article which dlscusses potentlal applications for enamels
and ceramic coatings in the alreraft industry it 1s stated thet
coatings for use up to 1500F would be required to prevent gas
absorption and protect the titanium metal from corrosion., The
development of such coatings should be simplified by the fact
that enaT8§3 used for sheet steels can be readily spplied %o
titanium o« Other costings designed for use in t?e ircraft
industry, such as s soda=-boron-aluminate glass Bg?e %) and a
sodium sillicate=-cobalt oxide~nickel oxide base( , have been
developed, These coatings, applied by dipring, sprasying, and
other means, are annealed before use, and are said to be resis-
tant to rapid temperature changes, distortion, corrosion,
erosion, and moisture encountered in engine and airplane parts,

Heat and oxidation resistant ccatings have been formed by oxide
systems which form titanates, Oxides of ngnegium, zing, and
beryllium have been used in this respect(96,97),

A carbide coating formed by heating titanium in pure hydro=-
carbon vapor at 1400 to 1800F and covered with a layer of

carbon 1s oclited as reducing th? gfidation of titanium alloys
heated in air at 1400 to 1650F\90),

Ammonia nitriding, reported as improvtng the creep=rupture
properties of titanium alloys in the 1000-1200F range, improves
the oxidation resistance of the metal at 1200F as uel} 5, its
resistance to bolling sulfurlc and hydrochloric acids'??/,
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Corrosglo

1. Thermodynamic Considerations

The free energy changes for a number of reactions pertinent
to this investigetion are shown as a function of temperature
in Figures 1 through 4,

Figure 1 shows the free energy-temperature relationships for
reactions of compounds of titanium and oxygen., This figure
indicates that the following reaoctions are important to an
investigation of the corrosion mechanism:

A F Reacti kea

OF i
Ti(s) + 02(3) = Tica(s) -203.7 -182.45
T1i(s) 4+ 30,(g) = T10(s) -112.45 -101,25
T10(3) 4 30,(g) = T10,(s) - 89.25 ~ 81,00
T10,(s) #+ Ti(s) = 2T10(s) - 20.9 - 20,05

Flgure 2 shows the free energy-temperature relationships for

reactions of compounds of titsnlum, oxygen, and chlorine, In
this case the reactions important to the corrosion mechanism

are:

OF 13 0F
Ti(s) + Gla(g) = T1012(s) -105,0 ~88,3
Ticlz(s) + $0,(g) = T10(s) + Cl,(g) - 7.45 -12.95
2T10(s) + Cl,(e) = TiC1,(s) + '1‘102(3) - 83.8 -68,25
TiCl,(8) + 0,(g) = TiOa(s) + Cl,(g) - 98,7 ~94.15

It i85 seen that the chlorination of the monoxide to form the

dichlorlide and dioxide has a greater thermodynamic probability
than does the oxidation of the dichloride to the monoxide and

chlorine.
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Figure 3 shows the free energy-temperature relatiocnships for -
reactions of compounds of titanium, oxygen, chlorine, and sedium
and illustrates the thermodynanlic indompatibility of titeanlum-
dichloride and sodium oxides as corrosion products, S e

_ A F Reaotion (lkeal
y OF 0

T1(s)+aNucl(a)+§02(g)=Ti012(s)+Naao(a) - 11,04 + 9,01

T1(s)+2NaC1(s)+0,(g)=T1C1,(8)4Na,0,(s) = L47.00 - 32,00
T1012(3)+Naao(s)='1‘10(s)-i-aNacl(s) =101.41 -110.26
T101,(8)+Na0,(8)=T10,(s)+2NaC1(s) -185.10 ~183.35

Figure |} shows the free energy=temperature relatlionships for
reactions which form sodium titanate., It is seen that the

most favorable ultimete corrosion products below 875F are

sodium titanate, titanium dioxide, and chlorine. There 13 a
thermodynamic probabllity that chlorine will react with sodium
titanate above B87SF to form titanium dioxide and sodium chloride.

e F Reaction (keal)
_4hor _1340F

2Na01(s)+2T1(s)+3/202(g)=T1012(s)+Na2T103(a) -460,7 =214 .45
2Nacl(s)+2T1(s)+202(g)=T10(s)+N32T103(s)+012(g) -468,15 =227.40
2Nacl(s)+2T1.(a)+5/202(g)=’1‘102(s)+NeaT103(s)4-012(g) -559.40 ~308,60
2NaC1(s)4T10,(s)+30,(g)=Na,T10,(8)4C1 ,(g) -152.00 4 56,30
Although thermodynamlic conslderations favor the formation of
scdium titanate, titanium dioxide, and ohlorine, it 1s likely
that other compounds will be identifled among the corrosion

products because of the corrosion mechanism and differences
in the reaoction rates,

2. Corrosion Mechanism
a, The Role of Oxygep or & Reducible Oxide

An earlier experiment performed in this laboratory demon~
strated the need for oxygen or a reducible oxide to maintain
the corrosion reaction, A mixture of titanium dioxide and
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;sodium;chloride vere weldeﬁ“(iﬁ véouum) in a one~inch

thick block of titeanium alloy Ti-5A1-238n (AL1OAT) that

was subsequently rolled at 1GO00F to % inch and held for

100 houra at 900F, The sectlonal pleces showed the familiar
corrosion product and demonstrated that titenium dioxide
can support the reaction, However, an adjacent cavity

(the control, containing only sodium chloride) indicated
thaet sodium chloride alune will not reaoct with titanium,

The Reaction and Reactlon Products

The reaction 1s apparently complex and gives rise to inter-
mediate reaction products, the nature of which depends upon
time and temperature, For example, 1f the unreacted salt
is removed from a sample that was generously ocovered with
salt (originally applied as a slurry) and held at 1200F

for 244 hours, the resction products are jet black. If, on
the other hand, s minimum amount of salt 1a used or Af a
sample aimilar to the above sample 1s held forr a longer
period of time (about 70 hours), the reaction products are
white or yellow~whlte., The products are layered snd shown
by x~ray snalysls %o consailst of mixtures of sodium shloride
and titanlum dioxide, with the scdium chloride concentration
decreasing In layers closer to the metal surface, In some
samples of the corroslion product, titanium moncxide has
also been ldentified by x-ray diffraction techniques,

The reaction prcducts contaln a substance that is strongly
hygroscopic. Flacing some of the corrosion product in
water results 1n gas evolution, and the water gives an acid
reaction to litmus. Some of the black materisl takes on a
white to yellow~white eppesrance while much of it appears
to be qulte stable, The following reactions are believed
to be responsible for the observed behavior.

TiC1, + (x+1) HéO = T10 -xH20 + 2HC1

Ti0 4 (x+1) HZO = Tio2 tzo + Hé
We have not been able to cmolusively identify titanium
chlorides as corroslon products by physical means presumably
because of their instability in moist alr, However, a
diffraction pattern has been obtained at Armour Research
Foundation which contains three lines which are %3 gﬁgsemont
with the strongest lines for titanium dichloride‘\<, .
The sample was obtained from a specimen that was corroded
by a low-melting chloride salt mixture.
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Chemiocul evidence for the presence of titanium dichloride
was obtained through the establishment of chlorine as a
product of the resction. Alr was passed at a moderate rate
through a Vyocor tube contalning a strip of titanium sheet
costed with sodium chloride, A tube furnace was used to
heat the materials to about 1200F, Chlorine was detected
in the ex1lt gas passed through a gas-washing bottle con-
taining potassium iodide. The color from the llberated
1odine intensified as the run progressed, Since sodium
chloride should not oxidize under the above oconditions, the
chlorine produced should have come from the oxidation of a
titanium chloride,

Sodium titanate, thermodynamioally belleved to be a logical
reaction product, has defled conclusive identiflcation,
X-ray data are soant and led ua to prepare samples of the
titrates by fusing stolchiometriec proportions of sodium
carbonate and titanium dioxide at temperatures above 1950F,
The product from the mixture, corresponding to the fuormula

Na _T10_, was pale green, and the products from the mixtures
co?resﬂonding to Na2T1201 and Na,Ti,0. woro eash an off=gshade
of white, Analysis by xzray diffraétlon shewed the zample
to have crystalline patterns, but ne stendards were avall=-
able for direct comparlsons, The d-spacings and welative
intensitles, given in Table I, were used for ccmparison

with patterns taken of corrosion products, In some patterns,
heretofore unldentified lines agreed with several lines for
the compound Na,Ti,0,, but the preponderance of titenium
dloxide 1n the Sampld made definite identificatlonm difficult.
However, becsuse of the large proportion of titanium dloxide
relative to the amount of sodlum that takes place in the
reaction, the higher titenates would be expected to form

as the primary titanate, N82T103, dissolves Increasing
amomnts of titanium dioxidef

Ihe Method of Attack

Pilgure 5 i1llustrates some revealing features of sodium
ohloride attack on T1-12Zr-7A1 sheet, This maerograph wss
made afier 100=-hour exposure at 900F and shows the corrosion
products to form dark blisters bensath the salt orystals,
The dark surface orust was determined by x-ray diffraction
to be largely Ti0, (rutile). This dark crust showed no
noticeable growth“during the second 100-hours of exposurs
with a sharp deerease in reaction rate., The sodiun chloride
crystals were also observed to remain largely intaot during
the attack with only & small portion being required to
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sustain the reaction. These features would support either
the sxistence ?5 a liquld corrosion phase, as suggesbed by
Crossley, etal ), and?or the transfer of a?d um ¢hlorlide ..
as a vepcr, as suggested by Plokering, etall3), and/or the
progressive attack of the metal by the formatiom, eonsumpt ion,
and regeneration of chlorine,
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Efforts to resolve this problem did not yleld results that
were sufficiently definitive, A 65-hour test at 900CF,

with an air flow of 2000 ml/minute, did not cause the
corroaion blister to assume a significant degree of eccen-
tricity in the direction of the air flow as would be expected
in the case of vapor or gas attack, Inclined samples also
failed to show a greater degree of attsck in one dlrectlon
than snother, However, samples suspended in a furnace for
long periods of time showed greater attack at the top of

the sample,

Samples of titenium alloys were held above but not in
direct contaot with (a) mixtures of sodium chloride,
titanium, end titanium dioxide, (b) mixtures of =odium
chloride and titsnium dioxide, and (o) sodium chleride for
2l, hours at 1200F and 65 hours at 900F. Samples above (a)
and (b) suffered the greatest attack as Indicated by tha
amownt of corrosion product on the surface of the zumple,
Samples above (o) did not show much greater attack than
samples exposed to air alme under the same conditions,

The above findings indlcate that free chlorine produced
by the corrosion reaction causes the most extensive damage
to titanium alloys., However, this flnding does aot pre=-
olude the existence of a liguld which, 1f present, exists
as a thin film of oontact adjacent to the metal, Attempts

to confirm the existence of a liquld phese have not been
experimentally accomplished. |

d, Effect of Meta ides

It wes stated in TML Report Ko, 88(1)that the presence of
the mcidic oxides accelerated the salt corrosion of titanium,
Support of this statement can be obtalned from the chemistry
of the chloridizing roasting of ores wherein acidic oxides
are used to decompose salt and liberate chlorine at high
temperstures., The soid oxide then usually fuses with the

base formed by the decomposition of ziaﬂ ggg shifts the
equilibrium to complete the resction ,»105)
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4 survey of the effecta of difforent oxides upom the salt

corrosion of titanium showed only a few of them o qguse
extensive damage, Mixtures of aalt comtaining one weight
percent of the metal oxides were applied as a slurry to
samples of titanium, which were dried and suspended in a
furnace for 2) hours at 1200F, Although a complete analysis
of each reaction was not made, it was apparent that the
oxides causing the most severe damege were those that
reascted read’ly with salt releasing chlorine and/or forming
a liquid corrosion product during the reaotion. The results
of these teats are given in Table II,

Additional tests were made to determine the extent to which
different amowunts of the oxides of aluminum and chromium
accelerate the corrosicn reaction (Figure 6)., The tests
were conducted in the manner described above. Chromiec oxide
proved to be much more damaging than aluminum oxide and in
the highsr concentrations perforated the metal samples, It
was at first thought that fused ohloride salts flowed to
the bottom cf the sample in the tests involving chromic
oxide and formed a bead on coollng, but subsequent snalysis
proved this to be fused scdium chromate, No evidence of
fuslion was observed in the tests involving aluminum oxide,

The effect of aluminum oxide and chromic oxide upon the
salt corrosion of titanium suggest two different mechanisms
by which the reaction ocan ccour, Aluminum oxide apparently
inoresses the yleld of chlorine by reaction with the salt,
followed by rapid oxidation of aluminum chloride, and/or

by fuslon with the basiec oxide, Chromic oxide, on the
other hand, reacts with the salt to form a ligquid at the
test temperature which acts as a ocarrier of the corrosion
agent and/or & flux and intensifies the damage that would
ordinarily ocour, Thus, the nature of the oxide that forms
on the surface of a titanium alloy, the alloying elements,
and thelr ohlorides all have a significant effect cn the
mode of attack and the extent of the damage caused by salt.

General Salt Corrosion

The general corrosion of titanium by salt has been inveatigated
via a thermogravimetric study of the progress of the corrosion
reaction with time.

Testinz Procedures
Samples of the alloy having a total area of 8 square inches,
are cut into three pleces with one plece 2.5 x 0,8 and two
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pleces 1.25 x 0.8 inches, The sizes were chosen for -oon~
venience in fitting them into a porous orucible., The

metal is coated liberally on all sides wiin a concentrated
salt slurry and dried overnight before plascing in the
erucible. The crucible is suspended in a tube furnace by
meansa of a nichrome wire hanging from an analytloeal balance,

A periodie record is made of the shange in welight of the
system at a fixed temperature.

General Salt Corrosion of Co rolis Pure Titani

Data from teats made at 1000 and 1200F are shown in Figure
7. The figure shows the temperature dependence of the
reaction, This 1s also emphaslzed by comparing the infor~
mation in Table III and Table IV, Vorg little corrosion
occurred with a salt coated sample at UOOF which gained
less than 0,001 g/aquare inch after a8 152 hour exposure,
The resction of titanium with asir at 1000F (in the absence
of salt) is alac negligible,

The samples that were attacked by salt &t nigher tempera-
tures were badly pitted; after 170 hours at 1200F the samples
were perforated In several locations, The effect of the
amount of salt upon the corrosion rate 18 less pronounced
than the effeoct of temperature ag lcong as salt 1s availlable
to support the rcaction, A sample of titanium sprayed with
a light salt coating showed a small rate differsnce from

a slurry-coated sample when reacted at 1200F, The differ-
ence was probably well within experimental error as shown
by a duplicate run of a slurry-~coated sample. These results
are summarized in Tseble IIIX,

General Salt Corrosion of Titanlum Allovs

Samples of Ti-12Zr=7A)l, Ti-B8Al=1Mo-1lV, and Ti=841=8Zr~1 (Cb+
Ta) were liberally coated with salt and exposed at 1000 and
1200F in the same manner as the ahove samples of A70, The
results at 1200F indicate that there is little difference

in the resistance to salt attack exhibited bg Ti=12Zr-TA1l
and Ti1-8A1-1Mo-1V, The other alloy, Ti-8A1-8Zr=-1(Cb + Ta),
shows somewhat less resistance to salt corrosion under com=
parable conditions, but is considerably more resiatant than
commerclally pure titanium, At 1000F, Ti-12Zr=7Al1 appears
to have the beat reslistance, but the differences between

the alloys are less pronounced and are perhaps within the
range of experimental error, (A more complete interpretation
of rasults iz given in part ¢ of thils section.) The results
of these tests are summarized in Tables III and IV, Figures
8 and 9 show a graphic comparison of the materials,
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in the absence of salt, Because of the very small wolght
changes cbtalned in the absence of salt, the welghing of

g sample suspendcd in & furnace did not yleld satiafactory
results and a differont procedurc vas used to prosueat u
comparison of the effects of salt corrosion and nor~al
oxidation of titanlum alloys,

Two small pleces of sach material having a total area of
four square inches were placed in combustion boats and

put into a furnace at the desired temperaturs, Dally
weighings were made on the system and the weight Increase
per square-inch of metal surface was determined, In order
to make the comparisons under 1dentical conditiomms, separate
runs were made with and without salt at 1000 and 1200F,
These data are shown in Tables V and VI, Because of the
few data avallable for each curve and the wide difference
in the values obtained for each material with and wlthout
salt, it was necessary to take certaln llberties in
presonting this compariason graphlcally. Fowr=3ycle semie
logarithmic papor was used to accommodate the information,
The beat curves, shown in Figures 10 snd 11, were visually
drawn through the points., Ths effect of salt upon the
oxidation of titsnium wlll be discussed in part e,

The Effect of Temperature on the Corrcsion Rate

The extent to which titanium 1s sttacked by salt was found
to Increase rapldly with increasing temperatures, The
difference in the behavior of Ti-122r=7Al and Ti-8Al-1Mo=-1V
and unalloyed titanium toward inoreasing temperatures was
determined for sixteen~hour exposures made in the manner
desoribed in part o, The deats, presented in Teble VII and
Figure 12, show a very rapid increase in the rate of salt
attack at temperatures above 1000F,

Discussion and Interpretation of Resulta

An examination of the data, provided by the sturdy conducted
in part b, showed that it is satisfied best by the expression
W = kth, where W equals the lnoreases in weight resulting
from the formation of adherent corrosion produsts, t ia time,
and k and n are comsatants, The conastants were evaluated for
oach alloy end at each temperature by the method of averages,
These values are shown on the following page.
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Ab 1200F: n k Log_k
AT0 0.952 .56 0,5518
71-841~1Mo-1V 0,631 o1l 0.61%1
T4-8Zr-8A1-1(Cb+Ta) 0,627 7.22 0.8585
At_1000F:

AT0 1,085 0.498 ~0.3026
Pie12Zpr-TAL 0.576 0.417 -0,3795
T1=8A1=1Mo=1V 0,700 0.401 -0,3970
74-8Zr~8A1-1(Co+Ta) 0,783 0,280 =-0,5536

The logarithmic relationship (log W = log k plua n log t)
for the variables 18 g straight line with a slope equal
to n, and W equals k when t equals one, When applied to
ow dats, k glves the extent of the corrosion reaction
after the first hour, and n should give the rate at which
the reaction progresses. However, ignoring errors intro-
duced in performing the experlment, conslstent values of
n and i are expected only if the corrosion reactlion ls a
simple one. The salt corroslon of titanium alloys 1s
presumed to proceed by an apparently complex mechanism or
by several complex, competitive mechanisms, The normal
oxidation of titanium is known to proceed by a complex
mechanism and 18 represented by several different rate
laws, each valld for a specific temperature range.
Different rate laws have been reported for essentially
the same tempsrature range, but the baslc differ?gce wga
the menner in which the results were interpreted(¢7,29),
In genersl, a logarithmic oxidation relationship applied
up to about 600F, and from there to about 1200F the

relationship appears to be cubic, From 1200 to about 1600F

the relationship 1s parabolic but it becomes more linear
with inoreasing temperatures.

We compared the damage ocaused by salt with the incresse in

welght given by normal oxidation at 1000 and 1200F in part

¢, The prosedure used in obtaining these dstas was different

than the method used in part b, but it provided the same

type curve when shifted to acsommodate the change in experi-

mental conditions, Excellent agreement with the previous
data was obtained st 1200F, but only fair agreement was
obtained at 1000F where the lower temperature produced

smaller weight changesz whish rsflest mors strongly the errors

inherent in the procedure. Errors over and above those
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normally encountered in welght change measurements of this
type are caused by variable salt adherence, Apparently

this influences the data more at low temperatures than at
higher temperatures where rates of diffusion and reactlion

are more rapid, However, the data for both temperatures

show that the presence of salt causes conslderably more
damage than would result from normal oxidation of the alloys.

Oxidation data were included from the 11tersture(1°6), in
Figures 10 and 11 for comparison, These data show the
oxygen absorbed by commercial titanium in pure oxygen at
the temperatures indicated, This agrees fairly well with
our data on A70 at 1200F but it must be remembered that
our samples were oxidized in an air atmosphere and not in
pure oxygen. At 1000F the agreement was not as good as

1t was In the above caso, but here the weight changes were

so small that they approached the sensitivity of the
balance.

Above about 1000F, the effect of temperature on the rate

of corrosion boeomos increasingly lupourtant, This 1is
clearly indicated by the sixteen~hour tests shown in Flgure
12, It is interesting that below 8QOF the systems show a
consistent loss In welght., Because of the small differences
involved this weight loss could result from errors in weighe
ing, from the evolution of chlorine produced in the corrosion
reaction, or, more likely, from the loss of molsture preasent
in the salt, The abrupt change in the slope of the curve
between 1000 and 1100F indicates a change in the corrosion
mechanism, The low temperature mechanism could mersly be
oxidation of the alloys (a significant difference in this
region would be difflicult to detect with our present equip-
ment) or the surface of the titanlum could be sufficiently
passlvated to ward off the major effescts of general salt
attack with only slight damage oceurring in the unprotected
areas, In Figure 12 we have also plotted date from Refer-
ence 106 on the oxidation of commercisl titanium in pure
oxygen for sixteen hours at different temperatures., Here,
only smell changes in slope are encountered indicating the

iﬁgg;rent oxidation mechanisms operating between 1100 and

In summery, the alloys studied under this contract show
improved high-temperature oxidation and salt=-corrosion
reslstance over unalloyed titeanium, The alloys show moderate
surface attack from salt in the temperature range for which
they are designed, Catastrophic damage from general salt
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corrosion ooccurs beyond the high temperature limits of
these alloeys, However, the salt conditions used in the o
laboratory tests were severe and an excess of salt was
aonstantly provided for sustaining the reaction during each..
teast, Consequently, service conditions to which these alloya
would be sub jected are conslderably less severe than those
empioyed in the laboratory.

Salt Corrosion Cracking

While it was noted above that very little corrosion cccurred
at temperatures as high as BOOF with salt-coated titanium
alloys, the effest of stress on hot-salt corrosion is to
reduce the limit, In this comnectlon, no attack was observed
in Ti=12Z2r-7A1 material exposed with salt and without stressa
for 100 hours at 600F, However, samples run in like manner
but at 60,000 pai tensile stress showed the start of surface
attack after a 100=hour exposure,

a, Metallographic Studies

Metallographlc studies on Tl=12Zr=T7Al material reveal
similaritles in modea ¢ salt sttack between streassed and
unstressed material; l.e,, both modes of attack appear to

be structure dependent, Figures 13 to 16 show BOOF salt
attack on the swrfaces of samples representing two conditions
of proceasing, Samples In Figuresl3 and 1l were processed
in the alpha=plus~beta fleld and ahow the nature of salt
attack when exposed with and without stress, Figuwres 135

and 16 repressnt materlal processed in the beta field and
likewise show the mode of attack with and without streass,

It is important to note that while Figures 13 to 15 show
intergranular attask, Flgure 16 reveals transgranular
attaok, The beta-rolled mauterial also oracked in five per=
cent hydrochloric ascld and in a similar manner, The mioro=
structure of salt corrosion at the surface of a T1-12Zr=7Al
sample after 100=hour exposure at 900F and 30,000 psi atress
is given in Figure 17. The attack here is definitely inter=-

granular with preferential attack of the dark-etohing grain
bowmdary bets phase.

These studies suggest that beta=rolling or sensitization
results in transgranular attack and predicts early failure,
Materials rolled in the all=alphs or low in the al ha=pluse
beta fleld give a more desirable structure for relgatnn:’:e
to both general corrosion and stress scorrosion eracking,
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A study was made on the effect that the intorstitlal . = -
elements carbon and hydrogen may have upon the salt corro=
sicn of titanium, Titanium carbide and titanium hydride
were each mixed with salt in a 1 to 2 mole ratio, Small -
amounts of these mixtures were placed in a furnace at 600,
800, 1000 and 1200F for 2, hours and then examlned for
posaible algns of a reaction, Up to 1200F there was very
little difference in the appearance of tltanium carhide
regardleas of whether or not salt was present, No other
qualitative evidence was obtained to indicate thai this
system reacted, After 24 hours at 600 and 80CF, the
titanium hydride and salt mixture became lighter in color
than the titanium hydride by itself, A: 1000F the mixture
became mottled white and gray after 16 hours, and ivory
after 2} hours, At 1200F the mixture turned ivory-colored
in 2i; hours while the titanium hydride itself remained a
dark gray, XNo soluble titanlium compounds were deteoted in
the reasted mixtwe, The titsnium hydride by itself
appeared to be unaffected but in the mixture it appeared
to be completely oxidized,

The ease with which titanium hydride, salt, and air reaot

at moderately elevated temperatures un.ggests that hydrogen
has an adverse effect upon the corroaion reaction, Strained
areas may cause hydrogen to ooncentrate in preferred looa=-

tions in the alloy and promote vulnerabllity to stress
corrosion oracking.

Salt oreep testing of hydrogenated tensile samples, dis-
oussed in the special processing section of this report,
demonstrates the adverse effeoct that hydrogen had upon the
resistance of stressed samples exposed to salt,

Role of Chlorine in Stress Corrosion Cracking at Elevated
lemperatures

Chlorine is produced when ohloride salts attack titanium
sand its alloys in air, This trace of chlorine is capable

of ocracking stressed titanium alloys, Figure 18 exemplifies
the intergranular attack whioch accompanied the stress-
corrosion ocracking failure of a stressed Ti=12Zr~7Al sample
during exposure at SOOF to dry air containing one percent

chlorine gas at atmospheric pressure, The sheet was stressed

by bending a 23 inch long by 3/8 inech wide strip arownd a
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3 inoh radius and clamping the ends., The maximum surfage
streases, therefore, exceeded the yield strengbhs It 4s
signifioant to note the beta phase attsck at the graln
bomdaries. This behavior is identical to elevated tem~
perature salt corrosion of this alloy under tensile stress
as seen in Flgure 17.

When argon was substituted for alr, cracking also occurred

showing that air 1s not necessary for the cracking mechenism,

In previous work we demonstrated that salt and titanlum will
not react at a signiflcant rate at elevated temperatures
wnless air is present., However, when air 1s present, sodium
chloride reacts rapidly with titanium at high temperatures
and chlorine gas is evolved, Therefore, we now believe

that chlorine gas may be the principal stress corrosion
cracking medium in these reactlons.

Aqueous Stress Corrosion Cracking

We hoped that a relationship between aqueous stress corrosion
oracking and hot salt corrosion cracking would be readily
apparent snd thus ensble us to simplify our testing procedures
by replacing the more involved hot salt creep tests by stress
corrosion tests in hydrochloric acid, To determine 1if & re-
lationship exists between salt corrosion cracking and aqueous
stress corrosion crascking ‘t was first necessary to establish
the conditions required to make a metal or alloy vulnerable to
eracking. Abnormsl exposure at very high temperatures for long

periods of time usually produce this condltion and destroy the
normal and desirable properties of the glloys,

The possibility of contamination during the long exposures at
high temperatures (although minimized by the use of a pro=
prietary high temperature coating) was present, This possi-
bility, together with a poorly defined relationship to the
cracking caused by salt corrosion at high temperatures (reducing
acld vs salt oxidation), lnaccuracies involved in relating
outer fiber-stress to oreep-stress, and the time that would
have to be spent in developing data on samples glven abnormal

exposures to Increase reliasbility in comparing results, suggested

abandoning this testing procedure after obtaining some prelim-
inary data.

1, Testing Procedures
A, Sample Preparation

Samples of commercislly pure titenium (A70) and titanium
alloys prepared as longitudinal sheet ocoupons were
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sheared to about 0,037 x 0.6 x }4.2 inches and 0.048 x
0.6 x 1.3 inches, respectively. Materials tested in

the "as received™ (mill annealed) condition were piokled
in the conventicnal 30% HNO_-3% HF solution just before
testing. Whenever heat tredtments were employed the
coupons were sheared prior to this operation, and after-
wards grit blasted and deskinned in 30% m:o3-3% i to
remove about L mils from the thlckneas,

Sample Tosting

A convenient testing apparatus was developed which
oonsists of a channeled Synthane jig. The samples are
loaded by placing them inside a channel section some=-
what narrower than the length of the specimen and then
immersing the bowed sample in the test solution at
room temperature,

The maximum stress in the outer flbers of the bhowed
specimen can be approximeted, providing the yleld

strength 1s not exceeded, by means of the following
equation:

8 = Et/2r
where S = the maximum stress in the outer fibers
= modulus of elastlclty
t = thickness
r = radius of curvature to the center line

Arpendix A reviews the methcds wssd to calculate stress
for these tests,

Test Soclubion

The most convenlent solution found for this work con-
sists of 5 percent hydrochloric acid (by weight). It
is very effectiive and yet not dangerous to handle or
very corrosive toc the metal,

Stress Corrosion Cracking of Commercia Pure Tita

Samples of commercially pure titanium (A70) stressed to
approximately 75,000 psi in five percent hydrochloric asid,
did not show a consistent history of fallure when annealed
at temperatures below 1900F, Exposure times in excess of
six hours at 1900F seem necessary to induce vulnerability

Crucible Steel Company of America
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t¢o éracking., Slnce no skin was detected on these samples,
after plokling, vulnerabllity 1s believed to be assoclated
largely with preferentlal alloy and impurity partiticniig
and beta grain coarsening. 4 _

The results of these tests are given in Table VIII,

Stress Corrosion Cracking of Ti-12Zr-T7Al

Samples of Ti-12Zr-7Al, stressed to approximately 80,000
psl (outer fiber stress) in five percent hydrochloric acid,
showed & behavicr similar to that shown by commercislly
pure titanium, i.,e,, susceptlbility to ocracking was not
Induced at exposure tempersatures of less than 1900F, The
major difference shown by these materials 1s the shorter
exposure time of four hows at 1900F required to induce
vulnerability to cracking of the T1-12Zr-7A1 alloy. (The
results of these teats are given in Table IX,) Siﬁce no
skin was detected on any of thess samples, the vulner=-

abllity promoted at 1900F ¢an be credited to metallurglosl
effoocts.

A metallograrhi: study of $heae ssmples alfber test expoaure
reveated that tns meds of attack 13 direvtly sssoclated
with the nlcroustrusture, In thls study, the surface of

the sample on the tenzlion side of ths bend was ground and
polished lightly to rcwveal the characster of the hydro=-
chloric acld attack, Flgure 19 which gives the microstruc~
ture of samplea In the tirsd sondition noted in Table IX
(exposed 16 hours st L800F snd tested 20 days under stress
In five percent hydroshlcric acid), shows She attaek to be
random, The wizrostructure 12 primary alphe (light etching)
and tranaformation alpha {dark etshing). The microstructure
of samples in the =eventh condibtion (exposed four hours at
1900F with Instantanecus fallure in five percent hydro-
chloric acid) 1s otserved in Figure 20, Here, numerous

fine stress corrosion cracks are observed, all of which are
perpendicular to transformation alpha platelets,

Stress Corrosion Cracking of Ti-8A1-1Mo-1V

The effects of high temperature exposure on the stress
corrosion oracking of Ti~8A1-1Mo~1V sheet in 5 percent hydro-
ochloric acid are given in Table X, The stress condition

was approximately 78,000 psi, It is important to note that

a8 very abnormal trestment of 10 or more hours at 1900F 1is
required to induce stress corrosicn cracking in HCl, The

oracking was observed to be transgranular and confined to
selective areas,
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An example of this attack 1s shown in Figure 21, Figure

22 shows a crack that propagated through the entire width

of the specimen, A photomicrograph of a polished surféce

at the break (Figure 23) indicates that the cracks apparently
have their origin in the primary slpha platelets,

Miscellanecus Stress Corrosion Cracking Tests

The results of a number of miscellaneous stress corrosion
cracking tests are summarized in Table XI. Samples made
vulnerable to cracking by high temperature exposures falled
rapidly in 5 percent hydrochloric acid and 5 percent titenium
trichloride solution, The addition of 2 percent hydrogen
peroxide to the hydrochloric acid sclution inhibited crack-
ing at least untill some time after the oxldant was exhausted,
Samples sensitized in a vacuum did not fail in & percent
hydrochloric acid Indlcating that a relationshlp may exlsat
between metal purity and/or oxygen content and the cracking
phenomena, Passing an electrical current through samplesa
stressed in 5 percent hydrochloric scid scviution resulted

In anodic attack st the alr--solutlion Interface and the
oventual feilura, by rapid generdl corrosion, of both vul~
nerable and non~vulnerable samples, No cracking was observed.

Dlscussion

In substance, vulnerabllity to acld corrosion cracking is
induced by prior high temperature exposure. The vulner-
abllity temperature appears to be above the beta transus

for the reapective alloya, Other factors, in addition to
the abnormal exposure temperature, are: time at tempersture,
tesnting stress, and concentretion of the test solutiom,

A metallographic examination of samples used in these teats
established the followlng relationship between hot salt and
aqueous stress corrosion oracking: oracks propagate trans-
granularly in titanium alloys given high temperature pro-
cessing on exposure to both salt and 5 percent hydrochloric
acid; intergranular atteck has been observed under hot salt
conditions in titanium salloys processed at low temperatures,
Hlgh temperature exposure and/or proceasing appears to
result in the diffusion of a susceptible constituent from
the grein boundary to preferred planes within the grain,
Improved performance of alloys processed at low temperatures
emphesizes the advantage of low temperature processing for
incressed salt resistance, (The effects of processing are
discussed later under Part VI B,)
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'An.ﬁi?lﬂratory iInvestigation was made of the elébﬁ?@dé&y@idﬁ&lal

of the different titanium alloys used in this work o deterntne
if a relationship exlsts between the corrosion potentisls and
stress corrosion cracking tendenciles, ‘

l. ectrode Potential Measurements o 8 ’ [°)

8. St a8 of ths Electrode Potential of Titanl
rochloric Acid

Studiea of the electrovde potentlal gg titanium 13 hydro=
chlo c¢id have beon report ‘Straumanls an ’
chenﬁsﬁ, Sehlain and Smatkoiiogy, and by Sohlain(109),
Their findings show that at low acid concentration (up
to 3N) air passivates titanium surfaces to glve more
noble electrode potentials, snd indicate that a resection
involving oxygen, metal ions, or ions containing oxygen
oscurs on the passive surfaces (which change very little
in appesarance), The passivity cen be destroyed gradual-
ly by nescent hydrogen from the corrosion reaction. An
Inert-gas sweep removes oxygen and some hydrogen from
tho solution and glves a more atable poutential, High
gcld concentrations also break dcwn the passivity and
cause the electrode potentiesl to decrease rapldly with
time until a steady~state value is reashed after
spproximately one howur, The rate of change depends

upon the rate of f£ilm break down and repair which in
turn depends upon the relative cxidizing or reducing
abllity of the sciution, The ateady=state values

varied with the sulutiwn, but wore cthorwise the same
regardless of the pre~treatment of the metal surface,

b, Experimentae] Progedure

For this exploratory work, the msasurements were madeé

in 5 percent hydrochloric acid (slightly less than 1,5N)
in an open beaker at room temperature against a saturated
calomel electrode. The values obtained were later cor-
reocted to the hydrogen scale for comparison with the
published work discussed above. A small flow of argen
was ocontinually passed through a bottle containing §' :
percent hydrochloric aeid and into the solution in which

measurements were made (except for the tests shown in
Figure 26,)

Crucible Steel Company of America Final Teohniecal Roggﬁt
=a

Contract NOas 60=8

PR



Thé surfaces of the samples were prepared bg a light
plékle in a solution containing 3 percent of hydyom .
flueric aold and 30 perocent of nitric weld to provide a
bright, clear surfacé. The samples were rinsed with
distilled water and quiockly transferréd to the solution
in whish measurements were to be made, The initlal
reading was taken as scon thereafter as possible,
Immersion of the samples was not complste and interface
effeots were inherent in the technique employed,

c. Alloy Comparisons

The electrode potentials of the materials used in this
work are compared in Figwre 24. The data presented show
that sll the alloys are mors electronegative in 5 percent
hydrochloric acld than welloyed tltanlium. Other than
that, the electrode potentisls show no apparent relation-
ahip to the stress corrosion cracking tendencles of the
materials. The resistance of these samples, as expressed
by their electrode potential in 5 percent hydrochloris
acld, ia the reverse of that exhibited under salt con=-
ditions st elevated tomperatures. Although this reversal
may be coincidental (and no conclusions should be drawn
therefrom) 1t suggesats that surfeces which passivate

' most readlly 1n agqueous solutions may be more vulnerable
to salt corrosion at eleveted temperatures,

d, Proocegaince Differences

In salt corrcslion atudles, samples of Tl-l2Zr-T7Al given
alphe=-beta prcoessing were found to perferm scnsistently
better under stress than samples from bata processed
stock, A look a% the olectrnde potentisl of these
samples in 5 percent hydroshleric acld (Figure 25) shows
& slightly higher potential for the alpha=beta materlal
slgnifying inoremsed reaistance In the acld solution,
However, the diffsrenco botwoen the observed potentials
ia not grert and does nct necessarily reflect the per-
formance of the alloy under salt-stress conditions,
Nevertheless, it indlcates that an increase in the amownt
of beta phase lowers the resistance of titanium base
alloys to chloride atiiack wnder conditions whioch tend to
destroy the passive film that normally protects the metal.

e, Streas Corrosi ] ende 3
Potential measurements were made on samples from the
' stress corrosion oracking teats to see electrochemical
Crucible Steel Company of America Final Teohnical Report
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- pelabionships ‘gentribabed any worthwhile infesmatien
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regarding oracking tendencies. Mégsurements-on un=
élgéyad itanium ‘were made in a stagnant 5 péraent hydro-
ehloric dold sélutlion and are redorded in Figure 26,
These data show an inoreased elecotronegativity for -
samples which had longer exposures at the asensitizing
temperature of 1900F, The sensltlzed samples also showed
a lesser tendenocy to passivate In the acld solution than
the wntreated, walloyed titanium,

The T1-12Zr-TAl samples showed, on the other hand, that
the sensitized samples were more ucble than the umtreated
alloy (Figure 27). The same situation was noted for the
Ti=8A1~1Mo~1V alloy (Flgure 28)}. This shift in potential
probably reaulted from metallurgical ohanges which ocour=
red during the high temperature exposure and apparently
bears no direct relatlionship to the cracking tendency

of the material, Of partiosular Interest, however, 1is

the comparative nobility shown by a sample of Ti=12Zr-7Al
that was heated in a vacuum for 100 hcurs at 1600F,

Electrode Potentlal Measurements in Salt at Elevated
Temperaturas

The measurement of the potontilal difference between the

alphe and beta pheses, using molten salt as the e%i?trolyte,
was suggested in the preface to TML Report No, 88i1), 1In
attempting to obtaln these deata, & measurable potentlal

was encountered in powdered dry salt at temperatures above
1000F, This system was sxamined further boacause it parallels

the salt corrosiocn testing procodures us2d throughout thils
work,

Experimental Progedurs

In the general procedure, nidckel wire was welded to the
titanium samples (1/4 x 3 4in.) which were placed in a
refractory crucible, Salt was packed around the eleo=
trodes (spaced about 3/} in, apsrt) and the erucible
was placed in & furnace, The leads were conneoted to

a potentiometer and the temperature was adjusted, The
data, recorded as a function of time, are naturall

¥
dependent upon the bulk density of the salt (whioh could
not be controlled presisely) as well as the temperature
which, even though ccmtroliled within the limits of the

equipment used, fluotuated because of the necessity of

keeping the furnace door slightly ajar to permit access
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far-ﬁhelléad.ﬁlréé. Due to the possible magnitude of
the error introdused by these items, the results pre=

sented in this seotion are tentative and in need of
refinement .

Salt Conductivity Measurements

The méasurable potentlal weés at first thought to be in-
fluenced by the titanium sorrosion reaction, Before
continuing, the conductancs was measured by applying a
voltage to two equivalent nlokel eleotrodes and measuring
the current., The differences in values at different
temperatures with and without titanium present were
found to be well within experimental error (Table XII).
Therefore, the conductivity of the salt 1s independent
of the chlorine=produocing titanium corroslon resction,
The highly erratic smmeter fluctustions at 14 00F suggest
that, in the vicinity of the electrodes, a phase change
results from the lowvering of the melting point of sealt
by the corrosion products,

Similer measurements using titenium electrodes gave
ammeter fluctuations above 1300F which were too amall
to be deoisive (Table XIII), Conceivably, & liquid
phase forms but oxidizes before an appreclable concen-
tration builds up, (Titanium dichloride and sodium
chloride are reported to form a eutectic a?ago weight
percent of titanium dichloride and 1121F,)

The ohange in weight of the eliectrodes (ineluding re-
covered corrosion products) &s a function of the applied
voltage is shown in Figure 29, Both electrodes undergo
atteack, but the attack of the anode 13 more severe and

8 weight gain of epproximeately twice that of the cathode
is obtained.

Potential Difference Between Alghgn snd Beta-Titanium

A potential difference of about 0.5 volt was found to
exist st 1200F between AT0 and T1-13V=11Cr-3A1 (B120VCA)
after about 4 hours, This potential difference was

less than 0,1 volt at 14L,00F, These data, shown in
Figure 30, suggest preferential or anodic attack of the
beta phase by dry salt at elevated temperatures when
coupled with the alpha phase, However, the effect of
the beta stabilizers on the potentlial of Ti=13V~1l1lCr-3Al
is not taken into account,
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The behavier of the cell over an extended period of Lime
would mdoubta‘dl.gabe influenced by the diffuslan of -
oxygen through the salt and diaso “tifﬂ)in‘th’ metisl.
specimen, For example, Dean, et al , show a definite
relationship betweén the oxygen content of & titanium
sample and the e.m,f, of the sample measured againat a
titanium electrode in a molten salt elestrolyte, The
reduction of the potential difference with increased
temperdture is probably related to incressed reaction
rates of both phases,

d, QGalvanic Behavior of Titagigm and Other Metals

When the potential difference bhetween titanium and niockel
was measured at 1200F, a value of 0,9 volt was found to
exist after about 7 hours (Figure 31). All of the alpha
alloys gave similar results, but the potential of the

beta alloy changed more rapidly with time, When nickel
was replaced by copper the potential difference waa

found to deorease rapidly with time (Figure 31). The
favorable change appears to be brought about by the
development of an oxlde coating on the copper, and suggests

that & sub=plate of copper may enhance the effeotiveness
of a nickel plate.

3+ Discussion

Our measurements of the elsctrode potential of unalloyed
titanium in hydrochloric ascid sre essentially in agreement
with those reported by other investigators, The differences
that exist (“steady-state" values were reached in a mueh
shorter time and were alightly more electronegative) can be

attributed to the metal, its pretreatment, and differences
In messurement techniques,

These data do not point to any epparent relationship between
the net corrosion potentiesl of a specimen as & whole and its
vulneribllity to orasking when stressed in an aggressive
medium, Although there is firm evidence that electrochemical
differences play a role in stress corrosion orscking, apeclal
techniques, capable of messuring local=oell potentiasls and
potential differences surrounding pre=existing paths of sus-
ceptibllity, are required to illustrate this role,

The relationship between salt-stress coraocking at elevated
temperatures and the electrode potential measurements was at
first thought to be obscured by the large differsnce 4in test
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" oonditions, However, subsequent measurements made in dry

sodium enloride at 1200F also falled to shéw any relatlon=-
ship betwean the eraeking tendancy,nnd,electrodp(ggﬁgﬂﬁig;.
Thia agreeés with the fLindings of Crossley, étal,‘</ahowing
the absence of a correlation between slectrode potentlal

end susceptibility to chloride salt stress corrosion based
on measurements of the potential of various alloys (versus

platinum) in molten potassium chloride=lithium chloride at
1000F,

vI OATINGS AND PROCESSING

Since new high temperature titaenium alloys are beginning to appear on
the market, it is desirable that these be esvaluated for their resistance
to salt, and I1f necessary, modified before extensive test programs get

underway in the field,

taken using material from production=sized heats,

A, Alloy Sereening

The original plans were tc confine the work on alloy screening to

the three super~alpha alloys: Ti-12Zr-7Al, Ti-BAl-1Mo-1V and
T1=-8Al=8Zr=1(Cb # Ta)., The Ti=6A1=4V (C1l20AV) alloy was added at

& later date for comparison purposes, The objeotive was to determine
how well these alloys resist salt attack umder atreasin the 600 to

1000F temperature range., Chemiocal analysls of these alloys 1s glven
in Table XIV.

1,

Crucible Steel Company of America

Creep and Creep Stabilit

A,

Ti=12Zr=T7Al

Before hot=salt strsss-corrocsion performanse could be svalu~

ated on these alloys, creep data in the preseribed temperature

range were required, These data are developed in Figures 32

and 33 .for sheet and rod product and give the required stress
for 0,1 and 0,2% plastic oreep in a 100=hour exposure period

over the 600 to 1100F temperature range, These data will be

applied in subsequent salt-oreep studles,

Creep stablility, which 1s one of the limiting oonsideratioms
in extending the service temperature of titanium alloys, may
be broken down into faotors of metallurglecal 1nltabilzt and
servioce instability, In this study, svidence of instability
was determinod'bz comparison of tensile properties of gpegi~
mens with and without oreep exposure, All tensile samples

were cleaned in acetone prior to oreep testing. ALftar ereep
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“"testing, they were

tensile tested without surface condition~
ing. This procedure was followed to include the offects of
surfece oxide and corrosion on instebility., Oreep- stehility |
data are given in Tables XV and XVI for T1-12Zp~7TAl sBeet and

rod over the 600 to 1000F range and indicate the alloy to be ;
quite stable, i

T1=-841-]1Mo=-1V

The creep data for Ti-8Al-1Mo-1V alloy rod are given in
Figure « The creep resistance of this glloy 1s seen to
be poorer then the Ti-12Z2r=7A1 over the entire 600~1100F
temperature range. Creep stability data for T1-8A1-~1Mo-1V
rod ere given in Table XVII end show no evidence of in~-
stability,

P1-8A1-8Zr=1(Cb + Ta

Creep and oreep stabllity detea on this slloy are given in
Table XVIII and show it to be umstable in the 800 and 900F
temperature range. With this evidence and Instabllit:
results published by others, the T1-841=8Zr«1(Cb # Ta? was
dropped from the program with Navy approval and the Ti-~6A1=-4V

(C120AV) slloy was chosen as a substitute for comparison
purposes,

T1-6A1-LV (C120AV)

This alloy 18 a popular heat~treatable alpha + beta type.
In the annealed oondition, however, it may be regarded as

a2 "near-alpha™ with a strength level in the neighborhood
of the super~alphes,

R, —

The creep properties of the Ti-6A1-4V (C120AV) alloy are
given in Pigure 35. As may be expected, the creep resistance
of the super~alpha and nesr=-alpha alloys decresases with in~-
creasing amounts of beta stabilizing elements, Ti-12Zr-TAl
shows the highest creep resistance, Ti-6Al-4V (C120AV) the
lowest, with Ti-8Al1-1Mo-1V in between.

Creep stability date on Ti=-6Al-4V (Cl20AV) are included in

Table XIX over the 600 to GOOF renge end indicate the alloy
is quite stable,
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Shert~time hot-tensile properties are important in designing
within the limiting service stresses of an alloy. In this.
phase of the program, the effects of processing temperature on
the hot strength of notch and wnotched Ti-12Zr-7A1 end Ti-BAl-

1Mo=~1V material were evaluated, Four processing techniques were
ocovered:

1) Processing in the beta temperature fleld (rod)

2) Procesaing in the slpha~plus-beta field (sheet),
Processing in the all-alpha field (sheet), and

ﬁ) Tungsten-arc inert gas welding (sheet).

Thus, by a consideration of creep, hot strength, notch sensiti-
vity and salt-creep properties, & measure of the elevated
temperature performence of these alloys is obtained,

8., Ii-12Zp=7A1

The technique of sample preparation 1s given In detall iIn
the following section undsr salt cocreep studles. In brlef,
salt=costed hot~ton2ilc siuples were prepared to a stendard
finish, Thils finish was described in the following sub-
section on sample preparstion. All welds were ground flush
with the base metal, Samples to be salt-coated were then
cleaned, held at L40F, and the gage length brushed with @
slurry of sodium chloride &nd water and allowed to dry.
During the hot tensile test careful attention was given to
maintaining the conditions of time at temperature constant.
Samples were brought to test temperature in 15 minutes and
held at temperature for an additional five minutes prior

to load appliocation, As with room temperature tensile
testing, the load waa applied at a rate of 0,005 in/in/min
to the yleld strength and then incressed to 0,050 in/in/min,

Deta on the effect of salt on the notched and unnotched hot
tensile strength of Ti-12Zr-~7A1l processed under the above
techniques 1 to lj are given in Figures 36 to 39 respeotively,
From the dats in Figure 36 it 1s apparent that beta=-processed
rod tests costed with salt suffer no decrease in strength

or duetility up to 1000F under the conditions of testing.
Sheet samples on the other hand experience a loss in both
strength and ductility at 1000F as noted in Figures 37 to 39.
The poorer performence in the sheet material is attributed

in l.ri; part to the increased surface=to~volume ratic., In
comparing the salt resistance of sheet material, the alpha=-
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processed sheet, Figure 37, shows better salt resistance
than does the alpha=beta sheet, Pigure 38, or the wolded
sheet, Figure 39. 8alt did not appear to influence notch
senaitivity in any of the serles tested.

b, Ti=-841-)Mo=1V

Data on the effect of selt on the notched and unnotched
hot tensile strength of the Ti-8Al1~1Mo-1lV alloy are given
in Figures 4O to 43, These data represent the same pro-
cessing techniques studied under the Ti-12Zr-7Al alloy
end show parallel trends of salt resistance. In this

respect neither alloy shows any partlcular sdvantage over
the other,

It 1s important to note that in the 600 to 800F temperature
range the yleld strength of the Ti-12Zr-7Al alloy 1s very
close to the stress required to give 0,2 percent oreep in
100=hours exposure, A simlilar situetion is also observed in
the Ti-0A1=1Mo=1V alloy at 600 and 700F. This behavior
results from the very low secondary creep rate oxhibited in
these alloys over the temperature ranges noted,

3., Salt=C Studies (Ti~12Zr=741, Ti-0A1=-1Mo=1V, T4{=6A1-LV

The following selt corrosion and salt-oreep teats were designed
to provide data on the severlity of atteck and informetion on
the mechaniam of corrosion, In the latter study, optical and

x=ray metallography were employed to provide Information on the
mechenism of atress corrosion.

@, Sgmple Preparation

Both round and flat tensile samples were included in this
program for comparison study. The round tenslle samples
were polished in the gage length to @ 6 to 10 miero-inch
finish with polishing cloth, They were then cleened in
acetone and piokled lightly in an aqueous solution of 304
nitric scid - 3% hydrofluoric acid. This latter treatment
provided gocd salt adhesion without destroying the 6 to 10
micro-inch finish, Plgure 44 illustrates & tensile coupon
8o treated, Flat tensile coupons were not polished but

were cleaned with acetone and scid dipped lightly, as above,
after machining, The test samples were heated at 140F over
@ hot plate end drushed with a slurry of demineralized water
and powdered reagent-grade NaCl, After coating, heating wasa
comtinued at 140F to insure complete dryness prior to testing,

Crucible Steel Company of Amerloas Finsl Technical Report
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Sample Testing S R R s

The dry, coated samples were loaded in a eresp testing
machine with normal air oirculetion end stressed to give

0, 0.l and 0,2 percent plastlc straln after 100=hours
exposure at temperature., Loads were selected from creep
curves given in Figures 32 to 35, The tesat program proposed
to cover the 600 to 1100F temperature range, but under those
conditions where the lower end of this renge showed poor
resulta, the testing was not continued into the higher range.

After salt-cresp exposure, the samples were tensile tesated

at room temperature and the fraotures examined for salt
penetration, Figure 45 shows the appearance of a series of
Ti=-9A1-1Mo~1V samples after salt exposure and tensile teat-
ing. The depth of salt attaclk i3 designated by the code
letters VL, L, M and H, described in the footnote of Table XX,

Metsallographic Study

A metallographic study wer made on both hot=salt, and squeous-
stress-corrosion samples as a mesns of establishing the mode
of attack and thereby poassibly suggesting remedial measures,
The microatructure of salt corrosion at the surface of a
Ti=1l2Zr-TAl sample sfter 100-hours exposure at 900F and 30
ksl stress is given ln Figure 17. The attack in this alpha=-
plus-beta processed material 1s observed to be definitely
intergranular with preferential attack of dark-etching
grain-boundary betsa. phase, This feature suggests that a
complete all=alpha working of the material for elimination

of the grain boundary beta plate should inecrease salt
sorrosion resistance,

The nature of salt attack in Ti-6Al-L4V (C120AV) 13 1llus-
trated likewise in Figure 46 to be intergranulsr with a

preferential attack of the derk-etching transformation (beta
plus alpha) structure,

Test Results

Salt corrosion tests were conducted on the T1-12Zr=7A1,
Ti-8A1=1Mo~1V, and Ti-6A1-4V alloy with and without streas
in the 600 to 1100F temperature range. The stresses were
chosen from ereep data in Figures 32 to 35 to give 0.1 and
0.2 percent ereep in 100~howrs exposure, In addition, for
the T1-12Zp=7A1 alloy, parallel salt exposures were made
between shest and rod meterisl for comparison of performance.
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The results of these tests are given in Tables XX to X{IV,
The unexpected high oreep ratesw=above 0.1 and 0.2 pereent
target valuea--obaerved in some of these tests were wm=
doubtedly due to the propagation of minute corrosion cracks
which decrease the effective cross-seotional area of the
samples, Thess data also indicate that these specific
materials at very high stress levels can be expected to
experience a little salt attack at as low s 600F. However,
with unstressed material, the temperature 1limit extends to
700F for rod and 800F for sheet, Above these temperatures
surface pitting becomes pronounced and may be objectionable
in certain applicationa. It 1s lnteresting to note that
sheet material generally shows better salt-oreep resistance
than does the rod as measured by the degree of salt attaeck
on the fractured surface in bresk, even though the former
has a higher surface to volume ratio, Thils difference in
behavior can be attributed to metallurgical differences
between the rod and sheet, The rod was rolled at 1950F in
the beta rsnge while the sheet was rolled at 1800F in the
alpha-plus=beta range,

There 1a lLittle difference between the salt results given
in Table XX on the T1=12%r=7A1 rod and in Table XXII on the
T1=841=1Mo~1V rod, Both alloys appear to have similar salt
resiastance,

The salt resistance of the Ti-6A1-4V (C120AV) alloy, noted
in Table XXIII, follows the same pattern &s observed Iin the
super alphes, In stresased materlal, some salt attack was
fouid at temperatures as low as 600F, Since the stresses

to give 0,1 and 0,2 parcent creep in the T1-6A1~LiV sheet

are lower than for the super alphas, the salt attaeck over
the 600=1000F temperature range studied is observed to be
less in like measure, For Ti-6A1-4V sheet In the unstressed
condition, the surface Ritting from salt attack becomes

pronownced (about 0,001" depth) at S800F as with the super
alphas,

Apparent threshold temperature and stress conditions that
would produce a measurable loss of ductility In salt coated
samples were arrived at by screening 100«hour salt-~creep

data given in Tables XX to XXII,., From these data, the maximum
practical load (20 and 30 ksi) and temperature (600F) were
selected f'or 300 and 500~hour, salt-oreep tests for each of
the two alloys., Tensile properties after these exposures

are given In Tahle XXIV and verify the marginal natuwre of

the salt ettack at 600F wnder low stress levels, These
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results are in agreement with the conclusions of cra&alqgéz)
thet titsnium oxide 1s resistant to salt abtack up to 550F.

While the threshold conditions for salt attack in curPent
titanium alloys appear to be falrly constant the upper
1imit for gtress attack was found to be alloy dependent.
Crossleyl2) reports a maximum temperature of SOOF for hot~-
salt stresa=corrosion attack in titanium alloys. Our work
in Tables XX, XXI, XXII and XXIII shows that a stress factor
exlsts up to 1000F for T1-12Zr-7Al, up to 900F for Ti-8Al=
1Mo-1V, and up to 800F for Ti-6A1-4V, Thus, a wide range
of salt~-stress corrosion mey be expected with titanium
depending on the alloy, temperature, time and stress,

B, Speciel Processing (Ti-12Zr=-7A1, T1-8A1-1Mo-1V)

The completion of the alloy screening phase of this work provided basic
background date on creep rates, severity of salt atteck, and the magni~
tude of the stress factor in this attack, The following speclal process-

ing phase screens both processing and metel-purity factors in an attempt
to mitligeate salt attack,

1. Effect of Purit

l' In ths study of metal purity, two super=pure, 25-gram buttons
of T1-12Z2r=-7A) were melted from electrolytic titanium, lodide
zirconium and Raffinsl aluminum and processed to 0,050" thick
sheet at 1500F, This processing was on an experimental labora=
tory level since thils temperature is below the recrystallization
temperature, A one-inch sectlion of commercial-grade Ti1-12Zr-7A1
(analysis given in Table XIV) was reduced to sheet in a simllar
manner and servsad as & control,

A3 a basls for evaluation of hot-salt creep performence & condi~
tion of 100-hours creep exposure at 700F and 70 kel stress was
established arbltrarily, This conditlion, which 1s used extensively
throughout the program, is of moderate severity and as such

permits a desireble spread in data.

Salt-creep results on these samples, glven in Taeble XXV show
no benefit of super-purlty over commercial-purity meterial
under equivalent processing ccnditlions.

2, Effegt of Hydrogen §

As a beta stabllizing element, hydrogen mey be expected to
migrate to grain boundaries in a two-phase region and oomceivably
accelerate intergranular attaock,

Crucible Steel Company of America Finel Technical Report %
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iﬁ-this work five lgféla of hydrogen were chosen, These léveia
ranged from & vacuum annealed econdition to 660 ppm, A complebe
eyole of 2 hours et 14OOF was chosen for the vacuum annedl '

and the thermal addition of hydrogen., Accordingly each sample
had the ssme thermal history.

Several interesting features are observed in the salt-test
results of this series given in Figure 47. At L45S ppm hydrogen
and above, salt exposures of 100 hours at 700F result in a
notable strength lcss due to accelerated surface attack. With
the addition of 70 ksi oreep stress the general trend 1s for
inoreased salt attack as reflected by a deterloration of residual
strength and duotility, In substance, vacuum annealed material

gave the best salt resistance in both the stressed and unstressed
condition.

Effect of The 8t o

Data were developed in the fundamental study phase of this work
which illuatrate the effeat of thermal hiastory on aqueous—~atress=
corroslon cracking. In this respest extrems high temperature
dwells were found to senaitize the matevrial to this form of
attack, This trend likewise followed in the alloy sereening
Wwork where 1t was noted that sheet materisl processed at 1800F
genarally gave better salt~creep resistsnce than did rod material

rolled at 1950F even though the former had & higher surface to
volume ratlo,

Similar results are illustrated In Table XXV, Here it is noted
that high temperature dwells in the beta region (the beta
transus for Ti=12Zr-7A1 1s 1825F) further lowers resistance to

attack, Long time (100 hour) dwells in the elpha range are
also damaging,

These da%a point up an important similarity between aquecuse=
stress=corroslion oracking and elevated=temperatwe=zglte-stress

attack, namely that both are sccelerated by high time=temperature
parsmn&er values,

Weld - =7Al, Ti=8Ale1lMo=1V

Welds were included under this grouping as specially conditioned
material with high thermal history, As wlth the short=time
elevated=temperature tests, the welds were ground flush with

the base metal, In the salt tests the salt was appllied to cover
the weld and heat -affected zones,

Final Technical Report
Contract NOas 60=6004=c

b Bt bl 5 BN S AMG i o 4o




¢ ozan: it T L enmemmesyes s I

i 6=

Salt~=oreep tests were conducted at TOOF for 100 hours at
streases caloulated to give 0,0 and 0,2 perdent plastic creep,
The results of this series are given in Table XXVI, Here,.
salt-coated tests exposed without stress auffered only miid
pitting with no significant loss of tensile properties, On ;
the other hand, several of the stressed samples did not :
survive the 100=hour salt exposwure, All of these early faillures

were found to occowr In the heat=affected zone of the weld, Also,

the Ti=12Zr-7A1 welds gave pocrer salt resistance under streas

than did alpha=beta processed sheet in Table XXI, even though

the latter required higher atresses to give the target 0,2

percent plastic oreep, The effect of welding appears to be

slmilar to that of other forms of high=temperature 2xposures

in Inoreasing the rate of salt attack,

The explanation for the above fallures in the heat=affected
zone 18 not definltely lnown, Aside from the high thermasl
history of the weld, the increased interstitial content from

welding, which Influences both strength and creep rates, may
8l80 impalr salt resistence,

These data also show a consistent trend with short=time
elevated~temperat ure teat results where 1t was found that
welds were less resistant to salt than unwelded sheet,
Accordingly, high=temperature processing may be expected to
favor a decrease in the salt resistance of these alloys,

Indeed, low-temperature processing (in the all-alpha range)
provides the best salt resistance,

C, Effect of Sg§faoe Ireatments on Salt Resistance and Meshaniecal
Properties of Ti-122r~7A]1 and Ti=-8AY=1Mo=1V

1,

Crucible Steel Company of America

Suyrfage Troatments

The general obJective of thia phase of the program was to
apply test coatings for improved resistanse to salt, This
effort 1s secondary to the baslc problem of base=mnetal
inhibition since, wnfortunately, ccatings are wulnerable to

mechanlcal damage and, in oconsequsnce, cannot be considered
completely reliable,

The 1ldeal coating should be duotile, adherent, sasy to apply,
and resistant to salt attack under ﬁot salt=creap eonditions,
In apprcaching this problem, numerous surface treatments and
tecmligues wess [irst evaluated for protection against salt
attack, A salt exposure of 100 hours under stress at 900F was
chosen to measure performance, From these results, the best

- b
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Treatments with alternating cwrrent in phosphoric acid
have been reported to show promise for salt protection
of titanium at temperatures up to 700F, The procedure = (111)

-which we followed was developed by Boeing Alirplane Compeny .

Salt creep tests on material so treated are given in Table
XXVII and indicate nc proteetion over wncoated material at
the same temperature and streas level,

Electroplating

The plating metals chosen were those of known resistance
to salt up to 1000F, Plated coupons were subsequently
salt=oreep tested,

The plating pretreatments generally conslsted of a 10
minute immersion of the specimens in a mixture containing
25 ml of hydrofluoric acid (52%), 175 ml of glacial ascetlc
acid, and 20 ml of acetle anhydride. Transfers to the
plating bath were made 1n glaclal acetic acld, References
to the various plating procedures are given in Table XXVII
along with salt-creep results.

Preliminary screening of the various metal plates led to
the selectlon of the nieckel bath for further evaluation,
Chromlum plates were brittle, silver plates bliastered at
high temperatures, while other plates were porous.

in the seleatlion of nickel plating baths we avolded those
baths containing chlorides to minimize the denger of en=-
trapped chlorlde salts, In the soreening tests nilckel
showed good salt resistance in nany cases. When fallures
ogcowrred they ocould be aasosclated with porosity and other
plate defects, The sulfamate plating bath showed the
most promise of the niskel baths studled and was selected
for more extensive testing,

In the study of nickel plates the general problem of plate
porosit¥ was overcome by introducing three oycles of plating
and buffing, The buffing serves to decrease the porosity

of the plate., A muslin buffing wheel was used which was
loaded with a stlck compound designed for polishing stainless
steel, After each buffing the sample was ocleaned with a
solvent to remove residual waxes, The thickness of niekel
plate was 0,002",

Final Technical Report
Contract NOas 60-~5004=0




G,

ﬂéng&le'aamplai nickel plated and buffed in 4his manver .
wérs given & mors rigovous sidlbeoreep exposure i whioch the
time was inoreased from 100 to 300 hours, The streases
chosen were eatimated to give 0,28 oreep, The results of
these teats, presented in Table XXVIII, demonstrate excel-
lent salt protection up to and including 1000F, At 1100F
the nickel plate is attacked to a moderate extent with the

 formation of & green ocorrosion product==presumably a nickel

ochloride,

Because of the low oreep strength of Ti=8Al~1Mo=1V at 1100F,
it is not anticipated that this alloy would be used for
extended times at thils temperature,

Aluninum Coating

The relatively good reslistance of alumlnum to hot sodium
ochloride attack suggested the use of this metal as s pro=
tective coating for titanium, The investigation Included

three types of coatings: paint, hot metal d ip, and flame
spray.

Both general=purpose and high=temperature aluminum paints
were tested, Sheffield Super=Krome Aluminum Paint, the
general=purpose brand tested was applied with three coatings,
allowing lé~hours drying time between coats, Ti=12Zpr=TAl
sheet thus coated gave no measurable improvement in resise
tance to salt attack as noted in Table XXIX, Samples were
also double coated with Fullerts Hi~Temperature Aluminum
Paint No, 171=A=28 with a five.minute bakeat LOOF between
coats, This treatmont likewise gave no real improvement
in salt resistance as geen in the Table, The poor perfor=
mance of the aluminum paints was attributed to lack of
adequate bonding under stress during salt ocreep exposure,

Aluninum coating by hot metal dipping promised to give an
improved bond over aluminum painting, In this work, a
potassium chloride=oryolite flux (m.p, approximattli }180?)
was used which had been developed by D. K. Hanink 9,
Titanium test samples were coated by dipping them without
preheating into a crucible of fused flux and molten aluminum
at 1400F. The flux proved adequate in dissolving the oxides
of aluminum and titanium and promoting the desired wetiing
action, The aluminum coat obtained averaged 0,002" thiek
but was less than 0,0005" at the corners, )
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.At the corners, there was some tendency for shrinkage ex!ligkl

to ocow with resultant exposwure of the base metgl, The.
inadequate edge protection thus réesulted in premature fall-
ure of these samples during subaoguent salt=creep testing

as noted in Table XXIX, PFigure 48 shows an aluminum=-

coated specimen which falled during a salt=creep test, Here,
dark corrosion products are observed at the sample edges
where the aluminum coating was thin, The lack of corrosion
on the flat surfaces is noteworthy and indicates adequate
salt protection if sharp corners are eliminated and a
minimum 0,002" coating thicimess is maintained,

In preliminary studles the flame-asprayed aluminum coatings
appeared promising so that this ocoating method was accepted
as a candidate for more extensive testing., Coatings were

in the order of 0,004" thiok end were applied with a portable
moetallizing gun with one~eighth=inoch dlameter aluminum wire,
In order to improve adhesion of the aluminum 1t was fowmd
neceasary to preheat the sample to about 100F with the
vwire~gwn torch prior to flame apraying, The results of
salt=oreep tests on these samples are included in Table XXIX,
Barly failurocs in some of the prelimlnary teats were attri-
buted to inadoquate bonding, However, when appliled with
sufficlient preheating, aluminum flame spraylng shows promise
of adequate salt protection up to 1000F, and up to 11O00F

for limited periods (300 hours).

Shot Peenipg

Of the two typea of salt attack, general ocorrosion and
stress corrosion, the iatiter results In the greater loss
of strength and ductility in the super=alpha titanium
alloys and 18 potentially the more troublesome, In order
for stress corrosion oracking to ocour, surface tensile
stresses must be present. Thus, the application of surface
compressive stresses may be expected to preclude stress
corrosion fallure, Shot peening offers a convenient method
for introducing surface stresses and may serve as a means
to minimize streas-corrosion cracking.

Variables studled were: peening intensity, sheet vs rod,
and base metal processing, The peening in%enaity was varied

by using four different shot sizes ranging from S-70 to S-230.

(The former gave & shot~peened surface layer 0,002 inches in
depth and the latter 0,003 inches depth,) The peenin v
tensity in all cases was to saturation, The two tensile
types used, 1" dlameter rounds, and 0,050" thick mieroflats,
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wero é;ﬂed in the reduced section onlg. The base wmetal
econdition covered beta and alpha=plus=bete procesaed

material fer thée 3! diameter rowmds and alpha=plus=beta and
alpha processed sheet, ’ '

Table XXX, which gives the test results on this series after
100=how, 70 ksi, 700F salt-oreep exposure, shows no benefit
of shot=peening under these limited condltlons of testing.
It 1s conoluded, therefore, that the beneficial compressive
stresses introduced by shot=peening were nullified by re=
laxation over the 100=hour - 700F test period and by the
superposition of tensile oreep streas,

6, Test Results

Mder the rslatively severe conditions of salt~ocreep ex-
posure chosen, only three of the surface treatments ;
evalusted showed promise of offering satisfactory protection, 1
These were: Nlckel plating from a sulfamate bath, aluminum

dipping, snd sluminum flame spraying, When properly applied {
these coatings promise protection under condltions of salt ‘
and oreep for temperatures up to 1lO00CF, ‘

) As a result of thils study, these three coatings were chosen

to be included In the fatlgue testing phase of thls program
which follows,

2, PFatlgue Testing of Ti=122r-T7A) and Ti-8A1-1Mc=lV Alloy

The purpcse of the surface treatment phase of thils program was
to evaluate the more promising coatinge for salt protection
and to perform a few critical performance tesats on these coat-
ings so that one or more may eventually emerge for umreserved
use, The firat performance test of this series govered salt~
creep exposure, The best performers in this test were nickel
plating, aluminum dipping and aluminum flame spraying. These
ccatings applied to optimum processed base metel were chosen

for a few oritical fatigue tests both with and without prior
salt exposure,

8. Enduyrsnce Limits

The endurance limits of the alloys under study were estab-
lished @s a necessary prelude to the fatigue test of
surface costings, These data are given in Figure 49 for

the T1-12Zr=7A1, T1-8A1~1Mo~1V, and Ti=6A1-4V alloys,
T1-841=1Mo=1V 1s observed here to have the highest endwransce
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1imit with Tie6A1-4V and T4~12Zr~7A1 followlng. It is
antieipated that a lower annesgling cycle would improve the
endurangce limit of Ti=1l2Zr=-T7Al,

be ffogt of S a eatme d Prior Elevated Temper ()
s§§§ ﬁop@na

In this study aections of Ti=-12Zr-7Al and Ti=B84l-1Mo~lV were
hot rolled from 1700F to one~half=inech thick plate and
annealesd in the all=alpha temperature range. Rotating-beam
fatigus coupons cut from this materlal were all prepared to
a8 lé~microinch finish, Those scheduled for nickel~plat ing,
aluminum-dipping, and aluminum flame spraying were aso coated
In the stressed area of the sample 1n accordance with the
procedure established under the seotlion on Surface Treatment.
Samples in both the as-machined and coated osonditiona are
1llustrated in Figure 50, These were tested in fatigue with
stresses at, and somewhat below, the endurance limit, A -
second similar series was salt costed in the reduced area,
exposed 100 hours at 1000F and likewise tested In fatigue.
The results of these teats are given in Table XXXI,

From an examination of samples after testing and a study

of the fatigus data 1t was apparent that the surface coated
samples were not adversely affected by the salt expoaure,
But, the material did suffer a loss in fatigue strength

as a result of swrface coating, The probable causes of this
performance are assoclated with the covating interface., In
the case of the niockel plated materisl, an acid plckle was
used as a pretreatment to plating. Heavy pilckling would

be expected to lower fatigue life, Furtheruore, the forma=-
tion of & critiocsl amount of brittle, intermetallio,
interface layer from both the nickel and aluminum plates
would lower the fatlgue reslstance, Presumably all of these
effects could be minimized and improvements in fatigue
resistance realized with fuwrther study. These results point
up the need for & study on the effect of surface coating
techniques on fatigue life,

VIiI, ALLOY DEVELOPMENT STUDIES

The study of the effect of alloying upon the salt corrosion behavior of
the super=-alpha alloys 1s divided into three categories, The first
category deals with the behavlior of the super-alpha alloying elements
in binary combinatlion with titanium; in the sesond category a small
study of the effect of composition changes is made; and in the last
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category the effect of small alloy additions to the super-alpha alloys
is studled, ' T
The alloys were prepared as 50 gram melts which were proceassed as

followa: hot rolled at 1800F to 0,2 in,; 1600F to 0,1 in,; 1500F to
0,060 in.and annealed for 30 minutes at 1400F and air cooled,

A inary oy Compositio

Binary alloys of titanlum and the constituent elements present in the
super-alpha alloys were prepared using high purity titanlum sponge
and alloying elements, The effect of these elements on the salt
corrosion of titanium was studied by following the wsight Increase of
salt coated samples as a funchtion of time at 120CF,

Coupons of titanium and the super-alpha alloys were prepared from
1dentical source materials and tested for comparison, Their behavior
1s shown in Figure Sl(a), Figure 51(b) shows the same information on

& smaller scale that can be more easily compared with the data on the
binary alloys.

1, Effect of Zirconium

As seen in Figure 52(a), increasing amounts of ziraonium in
titanium increase the initial corrosion rate., Amounts leas
than § weight percent appear to reduce the initial rate when
compared with the corrosion rate of mmalloyed titsnium, How=-
ever, a phenomena similar to the "breakaway"™ phenomena was
observed after a period of time a?g Gsoelerated the corrosion
rate. (Thc "breakaway" phenomena(li20)can be explained in
terms of the volume ratio of metal oxide to metal, e.g.:

Vol. T1022V01. Ti::1.77:1. Since this ratio is greater than
cne, the“oxide grows under compressive strain until i1t reaches
@ oritical f£film thickness, At this point it oracks to release
the compresalon stresses and gives the manifold inorease in
rate or breakaway. Soluble addition elements having an ionie
radius whioch differs by about 15 percent or more from the
ionle radius of the solvent metal will distort the normal oxide
film and cause breakaway to ocour at a much lower [{ilm thiock-
ness, Insoluble alloying elements give a film of the base
metal and separate agglomerates of the oxide of the additiomn
element, In this case broeakaway will occour i1f the addition

metal oxide interféres with the adherency of the base metal
oxide to the metal,)

2, Effect of Aluminum
The effect of additions of aluminum to titanium is to reduce
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‘Yo rate of salt eorrosicm (Figure 53(b )). The lower oecncen-

tration, 6 percent, agpears to have less inhibiting effect than
do concentrations of 3 percent or more, The additiom of more
than 8 percent of aluminun impairs workability and thermal
stability. .

ffeots of lepum and Vana

Increasing amounts of molybdenum and vanadium lower the salt
resistance of titanium, Molybdenum additions appear to have
less effect on the %eneral welght inorease of the alloy than
vanadiun additionas (Figure 53).

Effeots of Co and Tapnt

Columbium and tantalum accelerate the corrosion of titanium
(Figure S54). Columbium seems to be significantly better then
tantslum in retarding the accelerated corrosion considering
the relative amounts of each element present., Howesver, the

improvement thet results from inecreasing the amownt ¢f columbium -

in the alloy may be anomalous,

Effects of Iron and Oxygen

The data on 1ron and oxygen, a8 shown in Figure 55, indicate
that small amounts of these elements can decrease corrosion
reasiatance,

Disgcussion

0f all of the elements present in various ‘super-alpha alloys,
only aluminum in binary oombination with titanium appears to
improve the salt resistance of the titanium, Aluminum
stabilizes the alpha phase, reduces the lattice parameter, and
has an ionic radius only one percent smaller than titanium,

High aluminum additions tend to cmbrittle e alloy and, singe
this markedly affects its performance under stress, the addition
of other elements are necessary to scownteract the effect of
aluminum,

Although ziroconium is completely soluble in alpha=¢itaniunm,

its ionlo radius is 35,4 percent larger than titanium, a factor
that may affeoct oxide porosity, destroy surface passivity, and
eause the observed change in aslope, However, the large amoumts
of zireocnium in the alloy are less damaging than the smaller
amounts of the other elements which, with the exeeption of
oxygen, prefer the beta phase and have restristed solubilities
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in the alphe phase, Preferential attack of the beta phases by
salt has been observed on a number of previous ocecasions,

"The relative oxide-~chloride atability is a prime factor not
only in determining the surface passivity of the alloys, but
also in determining the mode of attack and controlling the
reaction rate. A non=porous, non~reactive oxide film would
be a deterrent to the reactlion, but such a film does not form.
If the chloride products are stable (or oxidize slowly enough
for an appreciable concentration to bulld up), they will
dissolve in the corrodent and change 1ts melting point=-
possibly lower 1t to the point where the corrosive mixture 1s-
liquid, If, on the other hand, the chloride oxidizes rapldly,
gaseous chlorine will be the corrosive agent. A change from

one mode of attack to the other would appesr as a change of
slope on a rate cwrve,

In looking at the binary data, titanium dichloride (which forTﬂ
a eutectic at 50 weight percent of socdium chloride and 1121F) 7)
and aluminum chloride (which rormt 8 7uteotie at 21 welght per=
cent of sodium ochloride end 230F)(12l may oxidize rapidly to
give a rate curve having a uniform shape, (Aluminum, 1%t is
reportod, iiop?t volatlilized as a chleride in an oxidizing at~-
mosphere,)'\+™) The other binaries show & change in slope

after short periods of time, This time delay could signify a
bulld up 1n coneentration of the corrosion products to the

point where they lower the melting point of salt sufficiently
for a llquid phase to form and accelerate the general attack,
(Zirconium tetrachloride forms a eutectic at 12 weight percent

of sodium chloride and 320F; information has not been found
on the other systems,)

B, Composition Modifiocation

Based on previous findings, some changes were made in the composition

of the supere~alpha alloys by increasing or deoreasing the amownts of

the constituent elements., Data from the studies of the binary alloys
indicated that corrosion damage lnoreases with lnereasing amownts of-
zirconium and that aluminum Inoreases resiatance to salt, Therefore,

we reduced the amownt of zireconium in the alloy and prepared Ti=10Zr-TAl,.
Tests with this alloy in moving alr confirmed the findings of the binary
study, but T1-10Z2r-7,5A1 was, for an wnlknown reason, less resistant.
Hovwever, the improvement in salt resistance given by Ti=10Zr=7Al is not

coneclusive enough to recommend & change without an additional and more
complete Investigation,
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Venadium in binary combination with titenium was also fowid to lower
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registance, Therefore, an dlloy with a redused vanadium content, Ti-
841~1,5M0~0,5V was prepared, Salt tests of this alloz in moving ailr

gave an improved corrosion resistance compared to that of Ti-84A1-1Mo=1V.
Again, however, additional and more complete tests are advisable to :
confirm the indleation provided by these data, !

The data from these end other tests are shown in Table XXXII. Data
are presented for each alloy for teats made in a furnace through which
air was passed (at 525 ml/minute, a rate sufficient to change the air
in the furnace once every three minutes), and also in a stagnant
furnace atmosphere, Beocause of better control of the variables, the
tests in moving alr are consldered more rellable for comparing slloys.
The tests in the stagnant furnace atmosphere reflest the variable and
generally more severe conditions present in the furnace, This is
especially true since volatile compounds and/or gases are evolved
during the corrosion reactlion and are retaluned Ifor uncertain periods
of time by the refractory brick in the furnace.

Theoretlcal considerations indiecated that a titenium alloy containing
15 welght percent of zirconium and 3 weight percent of aluminum should
on the basls of lonic radil and a number of approximations give a
strain-freeo surface oxlde at normal temperatures and possibly impart
greater protection against salt, Tests at 1200F In a moving atmosphere
showed this alloy to corrode more slowly. The corrosion rate curve

has a plateau that may signify a halt that ococurs after swrface oxides
build up to a maximum thickness and before dissolution of the oxide
film by salt. An alloy containing twlce the amownt of zirconium and’
aluminum in the above sample completely deteriorated during the test,
It 1s belleved that the passivity of this alloy was destroyed by the
excessive amount of zirconium, Because of the high zirconium=to=-
alumlnum ratios nelther of the above alloys woéuld possass the mechanical
properties required of the super-alpha alloys,

Also inocluded in Table XXXII are tests made on different melts of the
super=alpha alloys. Very little difference was noted in the corrosion
rate of T1-12Z2r~TAl prepared from pure alloying elements and a sample
from the sheet which supplled the base to whioch minor alloying sddie-
tions were made, This was not true in the case of Ti-8Al-1Mo-1V, A
sample prepared from alloying elements had a much smaller sorrosion
rate than did & sample from the sheet whioh supplled the base for minor
alloying additions. Although both materials had the same processing
schedule, a metallographic examination showed the sample with the lower
corroslon rate had been worked to a slightly greater degrese than the
other material, This feature 1s obasrved in Figure 56(a) and (b) for
the two Ti«8Al=1Mo=-1V alloys listed in Table XXXII, Here the finc=
grained worked struscture in Pigure 56(b) gave a lower salt ocorrosion
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rate than the coarser strusture in Fipure 56(a). These data and the
data from teats on the effeot of minor alloying additicns suggest that

small proeessing differences may have a large effect on the salt corro-
8lon resistance of Ti-8A1l=1Mc~1V,

C. Effect of Minor Alloy Additions

1, Effect of Additions to T1-122r~7A1 and Ti~-841-1Mo=-1V

b

Cruoible Steel Company of Amerioa Final Teolniocal Report

General Saglt Corrosion

The effeoct of some minor alloy additions upon the general
salt corrosion of Ti-12Zr=7Al and T1-8A1-1Mo-1V 1s shown
in Tables XXXIII and XXXIV, and in Figures 57 and 58, The
figures show the extent of the corrosion of the modified
alloys after 2l hours at 1200F, The tables give data for
periods of 2, L, 6 and 24 hours at 1200F, These data were
taken from weighings made on a salt=coated sample that was
suspended from a balance into a vertical tube furnace at
1200F, Air was dried and passed through the furnace at
525 ml/minute, a rate sufficlent to change the alr in the
furnaco once every three minutes, Corroslon of most of
the alloys followed the rate law W = kth?, where W equals
the Increase in welght resulting from the Tormation of

udhorent corrosion produets, t is timo, and k and n are
constants,

Data are also glven in the tables for tests conducted in
a muffle furnace without forced cirewiration of air, In
about every case the furnace atmosphere acocelerates the

attack and especlally with samples contalining sdditions
which yleld volatile chlorides,

Salt Covrosiog of Stressed Samples

The behavior of a semple towards general salt corrosion

does not necessarily indicate how the material will perform
when stressed wnder corrosive sonditions, 4an addition that
inoreases the normal corrosion resistares of an alloy may
have an edverse effect upon 1ts mechanloal rroperties or
Increase its susceptibllity to stress corroslon, The effect
of stress upon the salt corrosiom of the modified alloys

was examined by coating tensile speeimens between the gage :
marks with salt and oreep testing them at 700F wunder a loasd |
of 70 ksl for 100 hours, The results of these tests ape :
glven in Tables XXXV and XXXVI,

vkl e ae s
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Data were collested on the goneral corrosion reaistance of the
alloys by measuring the welight change of salt coated samples
during a fixed period of timé, Small net welight changes in
themselves are not an adequate méasure of the damage caused by
salt because part of a welght increase could represent the
development of & proteotive or semi-protective oxide film that
retards the reaction, At the seme time & sample 1s gaining
weight due to salt atteck and oxidetlion of the metal it 1s
losing weight as chlorine is evolved during the oxidation of"
some of the metal ochlorldes formed in the corrcsion reastion,
The rapid intergranuler 2ttasck that contributes to stress
corrosion fallure 1s not necessarily represented by a measwrable
weight ochange, Therefore, a correlation between the results of
the general salt corrosion tests and the data from the salt=
creep tests cannot be expected, The former tests represent

the ochange in the surface characteriatics produced by alloying
while the latter tests measure the effect of the alloying element

upon the héhavior of the alloy when sirasssd 1o a corrosive
atmosphere,

The general corroslon reslstance and the atrazs co02cuslion re=-
slatance a3 measurad by creep resistance ol thy salted sample,
galt peretratlion, and reslidual ductllity wers &ll used to
eveiuste the effect of minor alloy addiflans upon the salt
corrnsion of the super-alpha alloys, Data were collected on
control samples run without salt in order to g2s3sezn the effeot
of the addition upom the mechanlcel propertles of the base
glloys so that these effects could be geparated Ifrom those’
which affect the stress corrosion resistence of' the alloys,.

In goneral, taking into sccount factors such as varlable salt
adherence and other sources of experimental srror, the corrosion
resistance of wnstressed Ti~12Zr-7Al was found to be-good and,
with the exceptlon of additions of ccpper and nickel, not
altered to any large degree by small alloy additions, Addi=-
tions of antimony, geadolinium, and yttrium resulted in the most
signiflcant redustion in the corrosion rate at 1200F in moving
alr while additlons of palladium and yttrium showed significant
improvements in & oorroslve atmosphere in which circulation
was limlted., An examinatlion of the fractures of tensile tested
samples from the salt-oreep tests showed additions of manganese

:?d palladium to result in the smallest amount of salt penetra=
on,
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The dependence of the salt eorrosion resistande of 74-8A1-1Mo=1V
upon the amownt that it was worked during prog¢essing, mentlcned
in a previous sesction of this report, was brought %o light
during these alloy studiés, The alloys prepared for these tests
were processed by a uniform procedure, but apparently suffered
from a smaller amownt of work and gave highor corrosion rates:
than had been observed in earlier work, Additions of yttrium,
niokel, and antimony gave the greatest improvement in the
general salt corrosion resistance of Ti~8Al=-1Mo=-1V in moving

air while mangenese and columbium improved the rsslstance In

a corrosive atmosphere having limited circulation, Although
many of the additions considerably lessened the creep resistance
of the alloy, they did not, with the exception of nickel, show

a prominent penetration a&s indicated by an examination of the
break of tensile-~teated samples from the salteocreep tests,

The following alloys could not be processed using the rolling
schedule givén in the beginning of this section: Additions

of 1,0 and 0,5 percent yttrium, 0.5 percent beryllium, 0.l
percent mischmetal, and 1.0 percent thorlum tc T1-12Zr=T7Al;
Additions of 1,0 and 0,5 percent yttrium, 0.5 percent bery-
114ium, 0.1 percent gadolinlum, and 0.l percent mlschmetal to
Ti-8Al~1Mo=1V, With higher rolling temperatures it 1s possible
that some of these alloys could be converted to sheet,

This survey of the effect of small alloying additions upon the
salt-stress behavior of the super=—-alpha alloys at elevated
temperatures indicates that subtle effects are produced, Be-
cause of the many variables encountered in ssalt testing these
alloys, some of these effects are masked, Therefore, analyses
of these effects 1s difficult wnless edch alloy or the most
promising alloy systems are studled mors extensively with the
variables separated and/or reduced in number,

D, Study of Seleoted Alloys

Five pound Ingots of alloys selected from the above study were pre-~
pared as follows:

T1=12Zr=TAL Ti=8A1=1Mo=1V
Ti=12Zr=7A1l=1Mn Tiw8Al=1Mo=1V=1Mn
T1=12Zr=741=0,2P4 Ti=8Al=1Mo=1V=0,2Pd
Tiwl2Zr-741=0.1Y T1=8Al=1Mo=1lV=0,1Y
T4{=10Zr=74A1 Ti=0A1=1Mo=1Ch

The ingots from ths Ti=-12Zr=7Al1 serleés were processed as follows: hot
rolled 50 percent at 1850F to 3/4 in,, eross=rolled at 1650F to % in,,

with final rolling at 1500F to 0,060 in,; annealed 30 minutes at 1LL400F
and air cooled,
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Tﬁ;.inéotu from the Ti-8A1-1Mo~1V series were processed as follows: hot
rolled 10 percent at‘lBSQF-“oraoking developed and the ro "MAB there-
fore conbinusd at 1950F with LOF reduction to 3/t-~oross-~polled at 175CF

to 3 1in. with final rolling at 1500F to 0,060 in.; annealed 30 minutes
at 14O0OF and air cooled,

Pleces were out from the sheet to prepare samples for studying the
general and stress corrouslon behavior of the alloys, Data from the
eneral corrosion tests are given in Table XXXVII and Figures 59 and

O, Oreep, salt-oreep and tensile test data are given In Table XXXVIII.

General salt corrosion tests of samples of sheet prepared from the
five pound ingots showed a varlied behavior, The addition of small
smownts of manganese and yttrium to the Ti=-12Zr-7Al alloy falled to
impart the ocorrosion resistance that wasg observed in earlier tests,
The reduction in the amount of ziroonium in the alloy had a greater
effect in reducing the rate of salt attack than the addition of small
amounts of alloying elements, and it also gave the most signifilcant
improvement in performance in the salt-creep testa, The addition of
palladium and yttrium improved the salt-oreep performance of both
T4{=12Zr=7A1 snd Ti-BAl-1Mo=1lV, The addition of palladium to Ti-8al-
1Mo~1V gave better results In the general corroslon teats than were
observed earlier, The addition of manganese and the substitution of

columbium for vanadium in this alloy gave materials having a higher
rete of attack,
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-  APPENDIX A T
Methodgs of Calgulating Stress for Cracking ngts(lag)

Several methods were studied for calculating the maximum :
stresses in samfies stressed in an arc as indicated in Figure 61.
Champion's book 23) contains a very complete assembly of formulas and
techniques for stress corrosion cracking studies. Several of the

simpler equations are derived and their applicability to this study is
discuased,

A. Eguation of Hatfleld and Th;rkell(12h)§sae also Brggggg(las)z

The equation given by the above authors for calculating the stress
in a curved speclmen is:

S = Et/2r (1)
where S = the maximum stress in the outer fibers

E = Modulus of elasticity

t = thickness

r = radius of curvature to the center 1line
The equation is derived in the fcllowing manner with referenee to
Figure 61:

a =r@ (2)

a = (r+t/2)0 3)

therefore, the elongation in the outer fibers resulting from the
appllcation of stress is:

a, -a-= (t/2)6 (%)

but, E = stress/strain = load per unit area/(elongation/original
length) therefore, stress = (E x slongation)/original length, or
§ = Et/2r (5)

B. o] and H (126)

The above authors give the following equation for calculating the
maximum stress in the outer fibers of the central section of a
specimen formed to the arc of a circle:

8 = L4LEtd/12 (6)
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where 8 = the maximum stress in the outer fibers .
E = Young's modulus
t = thickness :
d = distance from the outer fibers of the arc to the chord

L = length of chord

This equation can be derived from equation (1) again with reference
to Figure 61:

r? = (r-d)2 + (1/2)2 (7)
expanding this gives:

-2rd+d2+12/4 = 0 (8)
since 4 is small compared to L and r, a2 1s neglected, and

rd = L2/8, or, (9)

r = 1%/84 (10)

substituting (10) into equation (1) gives:
) S = 4tEtd/L2 (11)

For their measurements, the authors used a dial gauge reading to
0.0001 inch attached to a plunger centered between two fixed
pointers spaced two inches apart, The equation reduces to S = Etd
for a two-inch chord. They found the stress to differ by less than
two percent at 3/4 of the yield strength from the true stress in
the ocuter fibers as determined by strain gage measurements. Of
course, the accuracy of the answer depends largely upon the amount
of deflection of a sample relative to its length.

C. Eguation Used in Column lLoading

when the yield strength is not exceeded, the maximum stress in the
outer fiber can be calculated by means of the following equation:

s = Etar2/21? (12)
where the symbols employed are the same as in section B.

This equation 1s derived from Euler's equation for a pin ended long
column in which the critical bdbuckling load, Per, is given by:

- "
PCR Per =4 EI/12 (13)
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where I = the moment of inertia of the strip cross-section.

The bending moment M concentrated at the point of maximum deflection
is given by:

M=Prxd (14) !

From the elementary beam stress formula i
S = Mt/2I (15)
By making the appropriate substitutions equation (16) i1s obtained.
s = Btatr 2/21° (16)
D. Compa Above E

Equation 16 has been found to be accurate only if very precise cor.-
ditions are known (such as: specimen straightness, alignment, and
load application). A discussion of column loading in strength of
material texts indicates thai excessively high valuos can be ex-
pected by the use of this equation, particularly since the actual
buckling load is usually much less than the calculated value.
Consequently, equation (16) is not the best for stress calculations.
Equation (115, because it neglects d2 on the assumption that 4 is
small compared to L, is less accurate than equation (5).

Equation (5) was considered the best for this work and was used.
This equation is based on the strip specimen bent into a ecircular
arc and, although this is not actually the case with the present
testing apparatus, the approximation is quite good. The radius of
curvature was measured with sufficient accuracy for our needs by
using a geometric construction and elementary mathematics.

Crucible Steel Company of America Final Technical Report ;
Contract NOas 60-6004-¢ i

bl s s



g 9=h009—09 SBON 30eJjuo0) i _
S qaoday Teotuyod] TeUtd gofemy Jo Auedwo) Teelg eTqToNJ)

Heam AJI8A = Mp ‘Hesm = M ‘unypsw = K ¢3UOJILE = Sax
*J096T ' SINOY + JOJ Pa3dead puT pIajedlpul spunodwod ayj3 8Af¥ o3 paxynbax-
sotqredoad 0TI39WOTYDTOYS 9Yyj UT POXTW alam APIXOTP UMTUB}] pUB 3JEUOQJIED umyTpog,

m mMﬂ.H
n [7384 ¢
n 221
[} 0t 1
M 6€°1
MKW G61°1 [} mamé
MK AR MA G14°T
M 6€°1 MA GEG'T
M Ml MA 85° 1
M A MA T19°1
MA GE6°1 [ 18°T
MA 96°1 SH %4
MA #9° 1 [} °T
M 89°1 M 08°1 8 90°¢
K 90°¢ MA 06°1 SK oz'e
| t1°2 s co°e .} ™'e
217 12°2 mA as°e MA 05°2
MA one MK 09°2 M 09°2
MR g9°e MK 66°¢C MK (VIAKA
.1 Gt H M IH'¢ s oe't
) c'9 H [44 .\ HH
MA 0°8 SK 0°'8 MK 2
X3Tstagur awquumﬂammmuw Aqgstejul ~Mqimmﬂmmqmum «%xA3 15003 Ur ~mu-mmﬂmmqw-@
. yi c N e - -
) - how.ﬂawmz 70 VL BN “OTL ©N
3 . i
kA ! :
L :
oo
Vo em - -
-
I dew




Weight Increase Metal Oxide
Lg/square inch)* So hloride)®
Less than 0,05 43,05, Co30y, Cby0g, Cuy0, MoOy, N10,
Sn02
mium Oxide, Nd203, Pr203, Sn0, Zn0
Titanium Metal + Salt for 2k Houyrs at 1200F
0.10 tc 0.15 Fe,0q, Ni0,, TeO,, T10,, 2r0,, ¥,0,
0.15 to 0.20 V05 v,05
Vo

-~

*Mixture of 1% metal oxide in NaCl applied as a slurry to
samples of titanium which were dried and suspended in a
furnace for 24 hours at 1200F.

* ¥

The weight increase does not necessarily reflect the degree
of damage to the titanium metal, but the change in the over-
all system. The weight change can indicate volatilization,
oxidation, or some other effect, but samples which increased
more than 0.1 g/square inch generally showed a significantly
greater attack of the matal in the presence of the oxide
than without the oxide present,
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Weight Gain (g/sguare inch)
Z:ff§£if:ij —A70 =12Zr-74 T4-8A1-1Mo-1V
700 -0,0005 -0,0010 -0,0011
800 +0,0002 -0,0002 -0.0003
900 0.0015 +0.0029 +0,0013
1000 0.0054% 0,0060 0.0111
1100 0.0242 0.0140 0.0179
1200 0.0864% 0.0162 0.0420
1300 0.1517 0.0485 0.0893
1400 0.5426 0.2097 0.0902

Crucible 8teel Company of America

Final Technical Re

Contract NOas 60-6

AR




e L T P

Pra—

As received

24 hours
16 hours

24 hours
40 hours

1 hour

2 hours
4 hours
5 hours
6 hours

7 hours
8 hours

at
at

at
at

at
at
at
at
at

at
at

1700F
1800F

1800F
1800F

1900F
1900F
1900F
1900F
1900QF

190CF
190CF

*Heat Number T6-176630-5.

20
20
20

20
20

20
20
20
20

24 hr; 1 day;l day
5 hr20 dayss; 20

e of

days
days
days

aays
days

days
days
days
days

days

instj4 hrjd hr
instsiinst;inst

L1

Remarks

None cracked.
None cracked.

PPN

One cracked in 1} daysj five did -

not crack.,

None cracked.

One cracked in 1% days; two did
not crack.

None cracked.

None cracked.

Six tested; none cracked,

S5ix tested; none cracked.

Six tested; all but two cracked.

All cracked.

All cracked immediately upon
contact with the aggressive
medium,

All samples were in the mill-annealed (as-
received) condition and given additional treatment as indicated, grit
blasted, and deskinned & minimum of 4 mils per side.

**Tested in triplicate or as indicated at approximately 75,000 psi in 5%
HC1 for 20 days or until fallure occurred.

Crucible Steel Company of America

Final Technical Report
Contract NOas 60-600%=c




Condition of Ma;eg;gl* Time of Tegt** _ ___Remarks

As received 20 days None ¢racked.
16 hours at 1800F 20 days None c¢racked.
24 hours at 1800F 20 days Noneé éracked.
1 hour at 1900F 20 days None sracked.
2 hours at 1900F 20 days None cracked.
a hours at 1900F 20 days None cracked.
hours at 190CF insts inst; inst All cracked immediately upon
contact with the test medium,
4 hours at 1900F 4+, 24, 2% hours A1l eracked. =~ :
4 hours at 1900F 20 days Calculated stress of 68,000 psi
6 hours at 190CF inst; inst; 1 day All cracked.
4+ hour at 2000F 20 days None cracked.

’ *Heat Number R98321-1, All samples had been annealed 1 hour at 1600F (i.e.,
as received) and then given additicnal high temperature exposures as indi-
cated, grit-blasted, and deskinned a minimum of 4 mils per side.

**Tested in triplicate at 80,000 psi, or as indicated, in 5% HC1l for 20 days
or until failure occurred.

Crucible Steel Company of America Final Technical Report
Contract NOas 60-6004-c
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21 SR Y

: 2 hours
; 4 hours
6 hours
8 hours
10 hours
12 hours

16 hours

*Heat Number R98369,

20 days

20 days; 20 days;
5-1/6 days

20 days; 20 days;
174 days

2 days; 124 days;
broke on loading

None Qracked,.

None cracked.,

None cracked,

None cracked.,
All specimens showed some
attack, but in only one was
crack propagation complete.

All cracked.

All samples had been annealed one hour at 1800F,

air cooled to 1100F, held 8 hours and air cooled to ambient temperature

and then given additional exposures as indicated, grit-blasted, and
deskinned a winimum of 3 mils per side prior to stressing in 5%

HC1,

**Tested in triplicate at about 78,000 psi in 5% HC1 for 20 days or until

failure occurred.

Crucible Steel Company of America

Final Technical Regort
Contract NOas 60=6004-c
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Attack of Sodium Chloride on Ti=12Zr=-7Al Sheet
After 100 Hours at 900F, Dark Blister (orrosion
Product Mnderlying Sodium Chloride Crystals 1is

Largely TiOz. 20X
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Figure 61 Bffect of Additions of Aluminum Oxide and
Ohromie Oxide to Selt Upon the Corrosion
of Titanium

“Weight inoresse higher than indicsted since corrosion
products wore not all recovered,
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Time ~ Hours

The Acceleratad Oxidation of Qommereiall
{470) when Liberally Coated with Sedium
A salt=-free sample tested at 1000F for 118 hours
end s ssit-~coated sgmpla tested at B0OF for 152 hours,
g8ined lass than 0,001 g/

Orucible Steel Company of Amerioes

Pure Titanium

square ineh,

Finsl Technioal Report
Contrrct NOas 60=6004«c

Nt ot okt b sy = B Woa



s g b« L

e ﬂ§§5+;ih
el
280 .
2400 -
5 ©00 - I'\'."O~;/
C 1H0 1 /
qu‘ / o
Lo Ay
A ) JUtt
& Somi-bal-trpad(Cheta)
© .
1ol // -
/ -
/
- R N
= ’/.’_ ,_ﬁ“.' T -
/ i TR o |
00 |- / - e T
/ rd e S
Yy T T BAL-1Mo1y —
e Y sl
// s .
/ o ~
Lot /// el
! s //69//
///,3/
/,/’/
=~
| 1 1 I i I
20 Lo 60 80 100 120

Time (hours)

Plgure 81 The Accelerated Cxidstion of Selt Coated Titanium
Alloys at 1200F

Crueibdble Steel Company of Americe Final Teahnical Report
Cmtraoct NOas 60=600,~c




o NP SR ———— e 1

7 bﬁcz.,:

in (mg 3q.in.)

X

Orucible Steel Company of America

e F 3
- I r
30 /
/4—.!-\7‘0
///
/
.//‘
/
20 L ;
;
/
/
/
// e
/ P -
10 L /" e - 8/‘,1 -1- (Cb f',['u) “.\/’:“’.;:’,.,:; - o u b
_fiéj;ﬁ/! 0
R LGAL - 1Mo =17
/ ga- W e P
/ A T
// R gl o E B A
o A /’
S
y //////,4)
” el
J 1 ] ] i i 1
20 10 60 30 100 120
Time (hours)
Figure 91 The Accelerated Oxidetion of Salt Cceted

Titanlum Alloya at 1000F.

Pinal Technicel Report
Contract NOas 60=600)=0




b TE I Wi AR Y e RucTe b cib . b D

i b B

SO RSN —

salt coated runs

vurer made ot thout sald

TEoplus Goul 1000 <166) R

|

- o .,,-..---———:"——‘_'—" «'\(O l
S 1 51
s T
e e et A e .
DI 6 T 1:-7
. P . e
— Lo A |
//"' [4% ; ‘
-7 ’
e -
- —- 511
[#]
-]
S OOV U R PR Lot . |

1o 60 80 100 120
Time (hours)

tgure 103 A Comparisom of Salt Corrosion zud Normal

Oxidation of Ti{tanium Alloys at 1200P

Orusible Steel Company of Amerlca Pina)l Tecmical Report

Contract N0s3a 60«600l~2

[ TR—————— SN S S




20

10

50
g
o
ui
E

1.0

w
B
O

@

0.05

Crucible Stee) Oompany of America

i .
Py
_ /’:; above rung salt ccated
i A7
- /-/ ¥
L runs below made without salt
- ’—’///
/”/
__—-7%1 plus 0. at 1112 ¥
- (/‘_,‘—'/r ) - (Ref. 106)
-
. 1°-7 .
e
- //'b,‘ .‘ﬁj}’L_________,-
/ n////-""‘;; ATO
L " L T
/’ //‘” ‘:'_/'/ A
s 9/// 7 o 811
a8 i:::///// e e
_ ,, // ,'/,/
% / —
t— ’//
- ﬂ /
g /'
- 7/
1 | | | i e
20 40 60 an ioo 120

Filgure 11:

Time (hours)

A Comparison of Sslt Corrosion and Normal
Oxidation of Titsnlum Alloys at 1000P

Filnel Teolmical Report
Contract NOas 60-6004~0




g -

A4
120 -
. loot
;;;
-,. . o
g x
N
ooy /
. : /
I / / /
L /]
/ /
E ! / /o t
',-‘J 0} / / /
. /
A ! ; / /
/ /
;S
./I,
R IRg Y 7
"o ya /
/7 ya
// /// /
. /’,(",’/ /"/
i
-
S
a
T1 plus Q- — —
(Rof.106) —~—>""
- . : e 1 1
00 <00 1C00 1100 1700 1200 1400
Temperature °F
Figure 12: ©The Effect of Temperature Upon Salt Coated

Orueible 8teol

Titenium Alloys Exposed for loé~Hours

Company of America Finasl Tesimicsl Report

Contresct NOas 60-6004=~¢

et e " s e




e O i

Intergranular Pitting Attack on Surface of Selt=Coated Ti=127r-7A)

Sheet Expossd 100 Hours at BOOF Without Stress, Sheet Condition:
Hot Rolled &t 1800F aend Annealed 1 Hour at 1650F. 300X

e o

Intergranular Attack on Surface of Salt=Coated T1~12Zr-TAl Sheet
Exposed 22 Howrs at 800F With 80 ksl Tensils Stress, Sheet Con=-

dition Same as Flgure 13, 300X
NOTE: All Metallographic Samples in this Report Etched With
1HFP-2HNO. .
3
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Figure 16

Intergranular Attack on Surface of Salt-Coated T1-12Zr=-7A1 Bar
Exposed 100 Hours at O0OF Without Stresas, Bar Condition: Hot
Rolled at 1950F and Annealed 1 Howr at 1650F, 300X

Figure 16

Transgranular Crecking on Surface of Salt-Coated Ti-12Zr-7Al Bar
Exposed 66 Hours at 800F With 80 ksi Tensile Stress., Bar Condie
tion Seme as Figure 15, 300X
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Figure 17

The Surface of a Salt-Corrcded Tensile Sample of Ti=127r«741

Sheet. The Sample was Coated with Salt and Exposed 100 Hours
at 900F with 30 ksi Tensile 3tress, 300X

Intergranular Attack on the Surface of a Bend=Stressed Sample
of Annealed Ti-12Zr-7Al Sheet Heated in Dry Air Containing 1%
c12 from Room Temperature to 500F and Held & Few Minutes, 300X
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Random Atteck on the Surface of 8 Bend-Stressed Sample of Ti-
12Zr=-7A1 Sheet Exposed to an Aqueous Solution of S#ZHC1 for 20
Days Without Failure, Sheet Held 16 Hours st 1800F (alpha +
bets region) Before Exposure 300X

Same Bend Stress and HCl Exposure as Figure 19 Except Sheet
Held L Hours at 1900F (Beta Region) Before Exposure. Sheet
Falled Instasntaneously by Stress Corrosion Cracking. Cracks
are Observed to be Transverss to Alpha Platelets, 300X
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A Sample of T1-8A1-1Mo~1V Showing an Area of Selective Attack.
The Specimen has been Exposed at 1900F for 10 Hours and Stress-
ed in 5% HC1l for 5 Days at 78 ksi, 5X

Figure 22

A Semple of Ti=8Al-1Mo~1V Showing Crack Passing Through the
Specimen. The Specimen had been Hxposed at 1900F for 10 Hours
and Stressed in 5% HCL for 5 Days at 78 ksi, 5X
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Figure 23
A Sample of Ti=8A1~1Mo-1V Showing Origin of Cracks

in Primary Alpha Platelets,

The Specimen had been

Exposed at 1900F for 10 Hours ard Stressed in S%
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