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VI

In the last decade the sap;lication of fundamental advances in the
basic scliences has resulted in tremendous technical progress., With this
progress has come the increasing realization of the inadequacy cof many of
our construction materials. MMany of the mosi recent technical asdvances
are limited seversly because of inherent inadequacies in the metlals and
nonmetals, The nodification of existing materials has been rapid, but it
is in the nearly virgin fleld of the so-called “"rarer metals™ trat the
greatest promise appears to lle.

e term "yrarer metals" has evolved not mo much because of scarcity
but because of specific processing difficulties. The Burea. of ines,
recogniging the need fer exploratory study on relatively neglected metals
and nonmetuls, initiated, as part of its wartime activities, a broad re-
search progran in this fleld. "‘me of the most promising results of this
program was the development of a process for producling ductile titanium
metal. Previously, the use of this metal as a structural waterial weas
overlooked because of brittleness. The Nureau of ¥ines Process however,
produces a ductile metal with totsl lepurities below 1.0 percent.

Duetile titanium has twe very outstanding properties which contribute
to its use by modern industry: high strength and light weight., The pro-
portional limit of cold worked titanium is as high as 85,000 pounds per
square inch, which is compsrable in value to heat trested steels and alumi-
nun bronzes. Its density however is approximately hali that of these metals
glving titanlium very high proportional limits for a steated weight «f section.

The ductile metal can be easily worked by cold forging, and the forged

ingots can be elther cold or hot rolled inte sheet.
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These attractive features and ites potential importance as a construc-
tion material of great economie value have inspired s number eof industrisl
laboratories to initiate programs for evaluation of the commercial potenti-
8lities of titanium. The Pigments Tepartment of the E. I. dufont de Hemours
and Company, Inc., has undertaken an extensive ressareh on the production
of the metal and has offered sponge and ingot metal of high purity (99.5%)
for sale at §5.00 per pound. This price is low in comparison to the initial
offering price of such metals as aluminure and msgnesium, now common., Fix—
tensive programs designed to determine possible applications and limitations
of titenium have been set up by various branches of the armed forces of this
country, and many private instltutions are employed in cooperative resesreh
with the government.

One of the primary considerations in utilizing materials of construc-
tion and in developing new products is corrosion., Information on the cor-
rosion of titanium will undoubtedly serve as a guide to other resesrches
and is therefore extremely important. Unfortunately, literature dealing
with the corrosion of titanium is rather scattered and questionable because
of the variable purity of the metals tested.

The lack of comparative quantitative information on the corrosion of
titanium and the very great importsance of such inforaation led to the in-
vestigation presented in this dissertation. This study is & part of a
joint researech project on the corrosion resistance of metals by the
Metallurglical Division of the Bureau of Yines and the Department of

Chemical Fngineering of the University of ¥aryland,
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Tn order to attain a thorough understanding of the problen of cor-
rosion of titanium it is desirable to become familiar with sone of the
more important historieal facts concerning the discovery, eccurrence,
and early attempts to isolate the pure metal., Such a study enables one
to understand why titanium did not cose te be considered as a material
of construction until only recently.

Ae Discovery, The presence of titanium was first discovered by

7. Cregor (13) in 1791 through a study of the black sands of Yenacon
near Falmouth, Cornwall. In 1794, . ¥, ¥Xlaproth (16) found 2z naturally
occurring metallic oxide possessing peculiar properties. He inferred
this to be the oxide of & new met2l which he called titanlum. All of
the early investigators were unable to isclste the pure metal, and
usually worked with it in an oxide form. It was not until 1825 that

the impure metal wns ieolated by J. J. Berzelius, (2) and again by F.
wohler (33) in 1849.

B. Occurrence. Titanium has been found to be very abundant in

thie earth's crust, but it is slways found in a combined stste, never
as the free metal., F. ¥. Clarke (4) has estimated that 0.62: of the
lithosphere and 0.58% of known terrestial matter is titanium. Thus

it may be seen that titsnium is the ninth mest abundant element in the



sarth's crust, altnough for many years it has been regarded by many &as
& ¥rare elewent.”

Although titanlum occurs in a large number of =inerals, there are
only bwo whicgh are lmportant irom an cconomic polnt of view., ihe first
is rutile or titenium dlexide which contains theoreticslly 5%.95: titanium,
bat usually iren is present in a large amount along with Lil, and swall
amounts of chromium ano vanadium. 1lmenite is the second important mineral,
This ls thought to be ferrocue titenale, FeTiljy, isomorphous wiih pyrophanite,
#nTiva, &aad geikielite, giiluy (R8).

Until recently the worldt's supply of titanium ores cane largely from
the veach sand of Travancore, India. A large domesiic supply has now been
developed in the Adirondack region of New York, and other known deposits
occur in Virginla, Vyoming, Arkansas, and several other statea. (rest
deposits of titaniferous megnotite sands have been found in Japan while
otiner titanium ore deposits are found in hussis (5).

Ce tarly Attespts to Frepare the vetal, After consideration ol the

knowledge now available it is probable that Berszelius and tcohier (2, 33)
never succeeded in preparing pure titanium. They probably had obtained
mixtures of the nitride and carblde which possess a metallic sppearsance
and are good electrical conductors,

In 1887 metallic titanium of 955 puribty wae prepared by Hilson and
Fettersson (22) through the reduction of titanium tetrachloride with
metallic sodium in a steel bomb., In 1895 metellic titanium of 985 purity
waz obbtained by “olssan (21) through the reduction of titanium dioxide by
carbon in an electric furnace. Hunter (15) prepsred titanium with s purity

of 99,7 -~ 99.9% by heating titanium tetrachloricde with & equivale t amount



of sodium metal in an iron bomb, Similar preparstions have been made by
many investigators (23, 24, 20). Hunter's process was scnrewhat modified

by 81lly (3) who passed titanium tetrachloride vapors over sodium hydride
at 400°C. The product contained much hydrogen, as would be expected.

fhis was almost completely removed by heating to 800°C in 8 high vacuum,
Van Arkel (32) treated pure K,TiFg or NapTiF, by heating with sodium

metal in an iron tube. The metal thus obtained was used to prepsre pure
titanium metal by the iodide process to be described later, The redonction
of the fiuotitanates does not require as high a pressure as the sodium
reduction of titanium tetrachloride, but the fluctitanate must be absolutely

free fron molisture.



PART T o= BLETOHICAL

CHAPTER I
PREVARATION AND PROPERTIES 0F DUCTLLE TITARIUY

Corrosion studies to be of any value in further researches or
design applications must be carried ocut upon materials which sre
economically awvailable for sueh purposes. The warious processes which
heold promise for the commercial production of ductile titanium and the
methods of fabrication are now presented so that & complete history of
the various metsls studied may be defined. £ review of these processes
suggests where impurities were obtalned in the final product and indicates
where comparative corrosion studies are necessary.

As Decomposition of Titanium Iodide., At present there are only two

methods for producing titanium metsl pure enough to be ductile at room
tenperature, The first process involves the thermal decomposition of
titanium iodide on & heated surface. Iodine is liberated while the
metallic titanlum deposits upon the surface. This procees is usually
referred to as the "iodlde process.” The product is obtained in the form
of pencil-shaped rods which are very difficult to work without contamina-
tion. This process is therefore ot adaptable to large scale production
although very pure metal is obLtained.

Be Kroll Process. The second method of prepering ductile titauium

was developed by Kroll (17). Pure titanium tetraschloride is reduced by

nagnesium metzl in the presence of argon in a molybdenum lined crucible



which iz slectrically heated to about 1000°C. The titanium so produced
is speparated from the mugnesium salts by watsr leaching and by acid
treatment. The powdered nmetal nay then be compressed into bars and
either sintered or melted in an electrically heated vacuum apperatus,
The product can be hot-rolled to thin sheet.

e Modified Kroll Process., 7Tre nited States Buresmu of “ines hasg

recently set up &n extensive research progrs: to situdy the production

of ductile titanium metal snd ite alloys. The Kroll process with certain
modifications (5) was used to produce the metal, since it war considered

to be the most nractical for plant-scale operations. In the development

¢ “he modified process the sise of the reductioun equipment was increased
stepwise from l5-pound potsize up to a size whleh could produce 200 pounds
of tite ium per batch, The prelinminary research with the 1li-pound appars=-
tus was carried out at the Sslt lake City station of the Huresu of “ines
whereas the 200-pound batch operstions have besn carried cut at the Houlder
City, %Nevada, pllot plant of the oureau of Hines,

The pot used in this process was made of iron rather than molybdenum
a8 in the Xroll process, After careful cleaning the top of the pot was
welded in place. The assembly was then heated to 500°C and filled with
hydrogen. iis operation reduced any oxide formed during the welding.

The pot was then cooled and the necessary quantity of wery clean magnesium
ingots was added. The systen was then heated to 150°C and evacuated to

about 0.005 mm, to degas the charge., Tank helium was next bled into the
systen until the pressure was sliphtly above atmospheric. ‘he temperature
was raised te 750°C and very pure liquid TiClg was admitted to the chamber.
The heat given off by the reaction was found to maistsin the temperature

of the system at the desirsd polint without external heating Tor approximately

two~thirds of the run. After the rate of resction hsd slowed so that there



was no longer enough heat from the resction to =maint&in the desired
temperazture, it became :ecessary agsin to use external heating. This
was continued for ene-half hour after the last of the TiCl, was added,
During the run the temperature was inereased from 750°C to 90C°C.

After the system was cocl the pot was cut open, and the charge was
removed as chips by boring out the residue. These chips were freed of
¥gCly and g by cold leaching with HCl. The chips were then washed, dried,
and ground to the desired size. The product wae given a second leaching
with 104 wel, washed, and dried. Any iron shich waas plcked up by borlmg
or grinding was removed megnetically.

The grenular metal prepared Uy this process contained aboubt 25 cec. of
Hy and 0,050% g por gram of wetal., 3oth of these impurities were removed
by sintering at 1000°M ir & high wvacuum. The powder may co.tala up to
0.1% Fe and sever:l tenths o cns percent Uy as the exids,

e Try Puriflcation of fpongse Titanium., 4 sccond method ol purifying

the reaction product is by heating in & vacuum retort (29)., The greater
part of the unused magnesium z2nd megnesium chloride either melts and drains
off or evaporates to leave behind a relatively puwre sponge titanium. The
principal sdvantage in 8 method of this type iz the ifact that the sponge
tisnium so preduced is never exposed to agusous sclutions, and has no
opportunily te retaln molsture and hydrated magnesium coupounds in the
pore structure which thereby increase the oxygen content of Lhe metal.
Sponge titanium preparad by leaching the reaction proaduct should have a
slightly higher oxygen content than Lhal prepsred by vacuum puriflication.

i, Tabrication. At present there are twe processes bsing wied to

coneolidste the purified rescticn product. The first grocess smploys
powder metallurgy technic and the other uses meliing as a means ol con-

solidation. 4 comperison of the corrosion of the metals made by these



twe processes weuld be advantageous te determine whether or not the
reasctivity of the metal is affepgted by the method of conselidation
employed, It would seem that the metal produced by melting should be

a trifle more dense than that produced by powder technics and thus the
possibility of a difference in corrosion arises. Actually, the density
of & sintered compact 18 4,30 and the density reported by K. 1. Dupont
de Nemours and Company (6) is 4.5 which ie presumably the value “or their
matal ingot produced by wmelting.

Ve Gonsolidation by Powder “etallurgy. The granular metsl produced

by the modified Kroll process is fabricated by powder =etallurgy technices,
ine mebal powder is pressed into eonpucts atl & pressure oi 50 tons per
square inch. These "green® compacits are sintered for sixtesn hours at
& pressure of 2 x 10 %mm. of mercury und at a temperature of 950-1000°C.
The sintered compacts are ductire and are easily cold worked., They are
best worked Wy cold forging, and ma)y ve reduced ss wmuch as 50% in thick-
ness.

The sintered compacts have & aensily of 4.30, tensile sirength of
83,000 psi, 104 elongation, and & hockwell hardness of (54. After a
25% reduction by cold working they have a denaity of 442, tensile
strength of 115,000 psi, 6: elongation, and a hardness of (8l., Anneal-
ing in vacuum at 10G0°C reduces the strength and hardness to vsalues
approximating those of the sintered compact.

(. Consolidation of Titanium by welting. 4 second method by which

the metel in the granular or sponge form may be conscolidsted is by melt-
ings Sucha process possesses seversl aavantages over the previcusly
mentioned powder petallurgy techunies. FPressing and sinveriag operations

require very expensive equipment and have definite sime ilimitstions.



The raw material for such & proeess must be i powder form which requires
a costly grindin: step. 4 [rocess of consolidatiocn by melting which

can use the sponge or granular metal as feed would do away with the extra
grinding process.

inhe melting of titanium presents =any difficult problenss. The metal
has & very high melting poilat (1725°C) and at this temperature it is
extremely reactive. Kroll (17) has reported thai 4l,:s, Y,03, 7Zrd,, and
HgO react quits readily with titanium at the melting point. The molten
metal in contact with refractories of this type is contamlusled by both
the oxygen and the metalilc element, In @ recent publication by the
Bureau of Iiines & brief reference was made to i he melting of titaniom
in & graphite resistor vacuum furnace (18). It wes found that the small
amount of carben picked up during the melting operation affected the
rhysicsl properties of the metal only very slishtly.

The duPont Company has carried out research upon the melting of
titanium by induction heating in graphite (26). The meliing and cast—
int operations are conducted in an atnmosphere of argon. It was found
that the molten metal flowed through the pores of very pure graphite.

The denser less pure forms have been found to be satisfactory after a
preliminary high temperature bake at 2000°C, The charge used in this
process was ti:anium sponge. Ingots obtained by this process centain
Oudh =~ 0.7 carbon and 99.,0% titanium. The impurities which were present
in the sponge make up the remainder of the ingot impurities. These in-
gots are said to machine like 18-8 steinless steel and can be readily
forged at 1700-1900°F. The bars prepared iy hot forging can be hot
rolled with 10¢ reduction per pass at 1200-1600°F,



PART I - HIBT HICAL

CHAPTFR IIT

THE CORROSION RWSISTANCE OF TITARIWM

There is very little information gvaillaule on iLhe corrosion
properties of titanium, and that which is available, is almost wholly
of &8 gqualitative nature. In &ll of the literature cited it was found
that the history of (he metal under study was omitted and the meihods
of testing were not described. It ix thersfore dlfficult to piece to-
gether the scattered information inte any kind of readily understandable
plcture,

A. Comparison of Titanium with Other detals, Gillett (11) has

suggested the use of titanium and sireonium in chemical equipment since
these two metals are resistent to many acids and alkalles. Fe slso gtated
that the genersl behavior of these metsls to corrodants ls very reminiscent
of that of tantalum. Kroll (19) also has stated that the corrosion stability
of titanium is comparable to that of szirconium. 1In another article Xroll
(17) stated that the uses of titanium in chemical equipment are more limited
than the application of sirconium because of lower stability. During sttack
by scids, zireonium forms on its surface a8 lower oxide which is stable to-
ward moet acide, but in the case of titanium, the monoxide formed is soluble
in acids. Dean, et al., (5, 7) have reported that titanium metsl has ex-
cellent corrosion resistance, being very similar to the type 18-8 stainless

steels.
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B. fulfuric 2cid. UDean, et al., (5, 7) reported that concentrated

HaSl04 rapldly attacked titanium, but & 59 solution of Fz50, produced s
weight loss corresponding to only 0.40 milligrams per square decimeter
per day (m.d.d.). Xroll (19) has steted that sulrurie acid (1:3) has
an effect, even in the cold, whereby hydrogen is evolved, He further
states that concentrated {80, reacts with tltaniuwm to give S0,, and
that when dilute P50, sttacks titanium the soclutions are colored violet
after a short time due to the trivalent stage of the metal ion.

C. Hydrochloric 4cid. DNean, et al., (5, 7) have found that concen-

trated 1Cl rapldly attacked titanium, but that a 5¢f sclution of H(C1 did
not cause losses in excess of 0,05 m.d.d. Cillett (11) found titanium
to be attacked by concentrated HC) at 100°C. Kroll (1¢) has written
that cold (1:5) HCLl acts upeon titanium only very slowly but gentle warm—
ing to 60°C is sufficient to cause an active disirtegration of the metal,
and that after attack by dilute HC1l the solutions are colored violet.

e Solutions of fases, Gillett (11) has found that titanium was

much less attascked by 508 Naoy at 100°C than type 18-8 stainless stesl.
¥roll (17) hes stated that titanium ie steble in K¥ sclutions and can
thersefore be uged in place of sluminum in wet rectifiers, Tt was found
by Dean, et al., (5, 7) that 5% solutions of WH O did not cause losmes
in excess of 0,05 m.d.d.

Ee Sulflde Solutions. Tean, et al., (5, 7) have found that a

specimen of titanium showed no weight change and was not discclored
after exposure to a dilute solution of HayS. Gillett (11) has observed
that both sirconium and titanlum appesr unaffected by +.® and alkell
sulfides,
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Fo lydreflueric 2cid. (illett (11) states that the only resgent

tret {s used whe. one seeks rypld dissolution ¢f titanium de HF, zlthough
batiFg 8lso chows rapid attack. Krcll (19) found that betr titanium and
zirconium corrcde actively in HF at large dilutions,

Ge Solutions of fodiun Chleride, Tean, et al., (5, 7} have found

ithat titanium did not tarnish en exposure to laborstory gtmospheres or
curing & 30-dsy sxposure to salt spray tests. Its physical propertics

vere 8l1sc unaffected by these tests. It mas further pointed cut that

the resistance toc corrosion in these tests was probably due to a protective
film of the =zetal oxide., (11lett (11) fommd that 200 %all slowly esttacked
18-8 slainless steel bul had only a siight tarnishing effect on titanium
or sirconiume.

He Solutions of Nitric lecid. Dean, et al., (5, 7) have found that

concentrated HNOs and a2 5% solutlon of HiOa dld not cause losses in excess
of 0.05 m.ded. Kroll (19) has obgerved that concentrated iy psusivates
and treats the metal in sueh & way that HLY and k,80¢ when dilute, corrode
the metal very &slightlye. 7This information suggeste ithat further research
should be carried cut to investigate the zechanism by which titanium is
rendered passive, Much work has been done toward studylng the passivity
of ircn and stainless steel in nitric acid, and seversl theories have

been prceposed. These are discussed in the fellowing chapter to afford

an approach to the study of the paseivity reported tc he shown by titanium
when treated wiih nitric acid.

Although scattered Information wes aveilable on the corrosiorn resist-—
ance of titanium to other che:icals, the above presentation hes bLeen limited
tc btiose presenied above because existin; materials of construction have
failed in many applications to these chemicals, aund it is heped ithat

titaniuwn will prove satisfactory.



PERT T -~ HISTORIGAL

CHAPTER IV

THEORIES OF PASTIVITY

Aes Filn Theory. Many theories have been postulated for the passivity

exhibited by iron and stainless steels in nitric acid. The earliest tiecry
was proposed by Faraday (9) who conslidered the passivity of iron in nitric
acid to be due to the formation of an oxide film. This theory has been
generalized until today it is known as the so-cslled film theory., Tvens

(8) has said that most cases of passivity can be atiributed elther directly
or indirectly toa protective film. He stated further that this film is
not necessarily an oxide film. Glasstone (12) hes pointed out that the
passivity produced with steinless ‘steel on sxposure to alr is probably

due to oxide films. The genersliged fils theory alsc covers the possibillty
that passivity cen be casused by a protective film of adsorbed oxygen, rather
than the oxide. Tammann (27) has suggested that the passivity shown by
iron, nickel, cobalt, and chromium is due to a film of adsorbed oxygen.

Bs The Xlectren Configurstion Theory. The Eleetron Configuration

Theory was developed to explain the passivity exhibited by stainless
steels and iron (30, 31).

This theory makes use of the 7act thet the elements in the transition
groups of the Periodic Taeble (e.i., chromium, nickel, cobalt, iren, molyb-
denum, and tungsten) possess incosplete inner shell energy levels and un-

filled (d) energy bande in the free metallic state. The Llectron



Configurstion Theory assumes tha'! these wnfilled lower energy levels
tend to f1ll with electrons. The state of passivity is attributed to
the existence of unfilled (d4) energy bands in the metal, whereas the
active state is abtributed to the situation that fills these {(d) bands
with els ctrons, It is thus contended that adsorbed oxygen or adsorbed
oxidiging substances bring aboul maximum passivity since they tend to
avsorb electrons reather thau supply electrons to atoms of the metsal
surface. This chemical adeorption brings aboul the extraction of
electrons from the metal surface,

Ce. Theory of Physically Adsorbed Gas Film. Hecently Fontana advanced

data which indicated that the passivity exhibited by type 18-8" stainless
steel was due to a protective film of physically adserbed ges (10). It
was shown at room tempersture that specimens of this alloy show passivity
when exposed to the atmosphere but lose passiviiy upon exposure to very
low pressures. It was further shown that this process wae reversible,

in that the specimen could be passivated, and that the passivity could
be destroyed by alternate exposure to air &nd vacuum., ZThe ract that

the pessivity can be destroyed by reduced pressure at room temperature
indicates that the bonds between the metsl and the gas are very weak,
and it is very likely that only physical bonds are invelved,

In Fontana's method of testing, epecimens cof 12-8% stainless stecl
were exposed to bolling 1lUp E,504 for three minutes, washed, and exposed
to air., The specimens were then exposed te vacuum and subsequently
tested for corrosion resistance. It was found that an exposure to s
pressure of 0,001 mn, of mercury for six hours was sufficlent tc assure
breskdown of the passivity. £Zlectron diffraction study of the paseglve
i8-88 surfaces indicated ne crystalline oxides but did show a diffuse
pattern which gould have been produced by hydrous oxides of alckel or

chromium,



SUMMANY OF SOABGOING INFORCGATION ARD STATESENT OF TE PROBLES

A review of previous regearches shows that tresendous progress has
been made toward commercial methods o producing aud fabricating ductile
titaniua metal. It has beeu pointed out that titaniumnas many desirable
propertles thal are Jacking in most of the materisls of consiruction used
today, und that in consequence the potentisl extensions of applications
appear exiraordlinarily promising.

The ianportance ef information on the corrosion of titanium upon
further researches on this metal has been discussed and & review ol the
litersture available upon this subject at the tinze the research in this
dissertation was begun has been presented. 7The examination of tiis
literature revealed that the previous corrosion data on titanium was
very incomplete, and a more thorough research of this problem was
Sustified,

It was proposed to design and consiruct equipment for & total
immersion corrosion study on titenium, snd to investigute any abnormal
results uncovered in this survey., As titanium is rendered passive by
treatment with nitric aeid, it is proposed to alsoc carry out a research

to determine the reason Tor this behavior.



PART II = VXIPRRIMENTAL

CHAPTER I

TESTING BEOUTPYINT AND (OTRAL NP YARTARIES

tdeiore 8 study of the corrosion of titanium could be aade it was
necessary to consider the variables which could affect the corrosion,
and determine some means of controlling these wvariables through the
design of testing ecuipment. A discussion of these variables arnd the
equipment designed to permit their control is now presented.

Le Factors to be Uonsidered in Cerrosion Testing, 4 careful

exanminavion of the literature on total immersion testing metheds wad
technics has shown that there is no universsl laboratory procedure or
even apparatus for such work. lLaboratory corrosion testing is usually
used only in & very preliminary capaciity teo sele ct materials for use in
"on the job" testing. The results of the latter tests receive most con-
sideration in the final anslysis and usually control the selection of
the material for the particular job being considered. in laboratory
teating, however, it is very important to control the several importa:nt
variables which can affect the selection of materials for "on the Job"
testing.

The four wost important wvariables to be considered in all lsboratory
testling are temperature, degree of aeration, ratlieo of volume of testing
solution to spscimen area, and preperation of the specinen., Temperature

control is obviously important since it has been sghown that the rate of
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many reactions can be made tc double with about & 10°C rise in temperature
if all other controlling factors are disregarded., The degree of aeration
of the testing svlution may slter the whole mechanism of the cheunical
corrogion occurring ot the metal-liquid Interface because the preseuce

of oxyren in the testing solution may csuse the corvosion proiucts te

be in a righer stete of oxidation than if no o ypen wery present. The
physicel charactey of “he corrosion product may be changed arkedly by
thie, mo thet the metal surface may be elthor protected fron or exposed
to fresh test selution s the sclubility and adhering yuality of the

-

product changes., The velume of testing solutlen Tor any glven spocimen
murt be s¢ choren & te fusure a2 mimivum of variziion in the cunecentra~
tien of the testing soldution during the progress of the corrogien and
8t111 net be 8o large ss Lo heeome ureieldy in the lasboratorye.

The presence nf surface vxides, grease, or uneven surface abrasion
can caguse appreciable variation in the test results of corrosion speci-
mens, These difficulties may be overcceme however 17 s proper surfacing
treatment 1s derived for the metal under conelderaticn. After the
method has been worked cut, then great care nmust bs exercised so that
each speclimen has identical tresatment before exposure to the corrosive
environments

Arosd limiting values have been set forth for the four variables
mentioned above by the American Sceliety for Testing Materials (1).

They have sugrested that the tasmperature of the Lest solution be contrelled
to within 2°% (1°C) of the dasired temperature, Toward this end, it has
also been suggested that if a witer bath is used as a means of temperature
regulation, the level of the bath should be at the sane height as ithe

test solution within the container. The recommended volume of testing

sclution to spoecimen ares is given as four liters per square decimeter
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of area. This ratio assures s minimum of concentration change as the
corrosion of the speclmen proceeds and yet keeps the volume of the
solution within laboratory limits. The rate of air flow necessary to
maintain cgomplete saturstion of the test scolution depends upon the
volume of sclution used for testing, the ares of the test speeimen, and
its rate of corrosion. The sugpgested volume of gir per liter of solution
is 8t least 200 cubic centimeters per minute when the volume-area ratio
mentioned above is maintained, It lesbeen further sugpested that the
rete of air flow be controlled within plus or minus 10y of the above
value, and also if the rate of corrosion sxceeds 300 m.d.d., it may be
necessary to increase the rate of air flow. If the tests are to be

made under conditions of gero concentration of dissolved oxygen it is
advisable to saturste the test solution with an inert gas such as nitro-
gen which has had all traces of oxygen removed, gince elimination of
aeration glone will not insure an air-free solution.

It was recommended that the surface cxide and inclusions of some
metals coculd be most satisfactorily removed by a pickling treatment,
however this treatment is unnecessary for those metals which will yield
reproducible results when ordinary cleaning methods are emplayed. The
final finishing treatment should be with Mo, 120 abrasive paper. The
specimens should then be degreased by scrubbing with pumice paste,
followed by & water rinse, and finally a rinse in a mixture of 507
ethyl aleohol and 504 ethyl ether.

e Deteraination of Specimen Hige, In order to handle & number of

specimens convenlently with limited laboratory facilities it was first
necessary to determine & specimen size which would be large enough to

give & loss in waight at low rates of attack which could be accurately



determined with an analytical balance sud yet not so large 85 to require
an unwieldy wvolume of solutien. Ancother important factor considered at
this tine was the influence of edge area. It hag been recormmended that
the ratio of edge areaz to total area be kept as small as posalble (Al).
The metal, from which the specimens were to be prepared, was furnished
in sheets approximately 0,040 ineh in thickness, After consideration
of the factors mentioned above it was decided to use 8 specimen cone

inch sguare which would give 074 &n the ratio of edge area to totzl
area.

L. Deternination of Volume of Tegt Leolution. Fmploying the volume-

area ratio mentioned previously would regulre approximately 500 cublc
centineters of test soclution for sach sample. 485 a further insurance 1t
was decided to increase the volume of sclution o 750 cuble centineters,
thereby incressing the volume-area ratioc by 50 percent of the lower
limiting wvalue.

Nl. Test Solution Container and Bample lHolder, The next step in

planaing the test was to decide upon the type of contaoiner te be used
for holding the individusal samples and their test svlution. For this
purpose, wide mouth Frlenmeyer f{lasks of 1000 cuble csntimeter capacity
were ghosen., A {lask of this type can be stoppered essily to prevent
evaperation and y«t has a large enough mouth to admit specimen and
holder., The shape of the flusk is also such that & reasonable depth of
solution is cbtsined for complete submersion of the sarple when 750
cuble centimetere of test selution is used,

Tt was decided to use specimen sup;orts of the type shoen in Figure
1. These were =sde from 5§ =wm, pyrex glass rod, and were so construcied

that thore were three pointes of contact between the support and the edge

of the sanple.

18



FIGURE L
Specimen Support
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E. Hathod of leration. In order to saturste the tast & lution

with either air or an inert gas, the serator shown in Fiyure 2 was
designed. The diffusion instrument in this case was s nmicro-fuchner
funnel with & fritted glass filter dise of coarss porosity. A small
glass chimney was mounted sbout the funnel to prevent the possible
impingement of the gas upon the surface of the sample and also as a
means of econtrolling the eireunls tion of the solution within the flask.
These chimneys were made from 25 mm. D.D. glass tubing, 7he complete
assonbly including the ma~ple holder i= shown in figure 3. For higher
temperatures a condenser was added to the assenbly am shown in Pigure 4.

F. Tenperature Control. In order to regulate the temperature of the

test solutions it was declded to immerse the test flasks in ligqiid baths
naintained at the desired temperaturcs, The temperatures chosen for
study were 35°C, 60*C, and 100°C. 'The bath which was to be maintained

at 100°C employed type 10~C transformer o4l as the medium whereas the
other two baths employed water, The temperatures of the baths were
controlled by means of mercury type thermo~-regulators eannaetgd to
mercury switch relays which in turn contrelled immersion heatirg elements.
By this means of control the bath temperatures did not vary more than
0.2°C. The bath medium was circulated in each tank by means of & 3mall
centrifugal pump which was totally submerged in the bath,

(e Control of Aeratiocn Hate, The rate st which air or inert gas

was supplied to each testing unit was controlled by Flowrators of the

type manufactured by the Fischer and Porter Company. ™me Flowrator was
used to condPol the rate for four test uniis by means of a manifold of
glass stopcocks sufficiently large in bore to prevent undue resistance

to flow. The maximum capacity of these instruments was 400 cubic centi-

meters of air per minute. It was decided tral 8 rate of not less thean
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FIGURE 2.
Aerator



FIGURE 3.
Aerator and Specimen Support



FIGURE 4.
Complete Total Immersion Testing Unit
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200 cubic centineters of gir per minute would be introdueced into each

teat solution., This rate is well above that previously mentioned which
would be 150 cubic centimeters of alr per minute for 750 ¢ . bie centimeters
of test solution. +he air which was used was supplied from the laborastory
ccmppassed air supply sand wss washed with 37 Na'™8 to remove any o, present,
The air was then passed throuch a water scrubbsr and finally throush plase
wool to remove any entrained particles. The complete tank assembly for
35°C or 95°F 1is shown in Flgure 5,

tLe Preparation of Samples for Testing. The specimens were cul ‘rom

sheet stock of 0,040 inch thickrnese by a Doall szw, The rough samples
were rmchined to +,203 - ,005 ineh oversize, They were then resurfaced
with “ioe 1/2 emery paper znd numbered with a Vibratool. The specimens
were then pcli;had by hand with grit vo. 3/0 emery paper and derreased
with pumice powder., They were next washed with distilled water followed
by a rinse in a 50-50 gther and alcohol nmixture. After drying they were
welghed to within 30,0001 gram.

Je Hunber of Specimens for One Test Selution., It was decided to

run all tesis in quadruplicate since a statistical study of tetslly
immersed specimems in corrosive media har indicated that the averace
result of four duplicate runs would be within 7¢ of the true wvalue (J.).

. _Cleaning of “pecimens after Testing, 7Tt wag found that the

corrosion products could be very eesily removed from the surfasce of the
titaniun metal simply by scrubbing with a rubber stopper under e stream
of running water., The semples were then washed In distilled water,

washed in 50-5C alecohol and ether mixture, dried, and weighed.

Le Freparaiion of Testing Solutions., It was decided that all ol the

solutions tv be used in the testing procedure previously described would



FIGURE 5.
Tank Assembly for Testing at 35 °C



be made up by weight percentage. All references to percent solutions
~ade in this paper therefere refer to percent by weight, All chemicsls
used in testing were of the (.. grade., The testing solutiong were
prepsred with dietilied water which analyzed less than 0.1 p.p.m. salts
as Yat'l,

i, ¥etal used in Testing. The titaniuwm used for all tests discussed

in this paper unless otherwise specified was prepared by the modifled Kroll
process and consolidated by the powder metallurgy technic described in
Chapter “{. ‘he meial was suppllied in thes cold-worked condition and

8leo in the annealed condition. The cold-worked =etal was supplied in
sheet which hed been eold-rolled to 40: reduction following the lest
snunesl. The annealed metal was cold-rolled with 405 reduction and sub- :
sequently annealad at 1000°C in high vacuwmm. £ spectrogrsphic axaminatién
of the metsl used in this study disclosed the rellowing impurit:es: '
va(,1:), Cr, Pb, Mg, ¥n, Cu (treces, probebly 0.005 - 0.05%). xygen

and nitrogen which cannot be determined by spectrographic means are
probebly present ss several tenths of one percent,

Yo Hvalumtion of Hesults, The logs in weight per unit ares during

the test period was used as the principal messure of corrosion. Since

it was found that the titanium did not show any severe pitting or se-
lectiva corrogion, this method was considered to be valid., The corrosion
rates were calculated from the loss in wesight suffered by the specimens
during the test and were expressed as milligrams per square decimenter
per dey (me.d.d.) and az »ils per vear (M.Deye.). ‘he relationship between

. 1437
m.d.de 8nd n.p.ye.e 18 axpressed by the eguAtiont MePeye ~ mededs x w22l

~
where £ is the density of the meisl in grams per cubic centimeter. The

latter unit ia probably the easiest to interpret since it gives a visual

plecture of tha dapth of penetrstion of active corrosion over a perioed of
time,



PART IT —~ EXPERIMENTAL

CHAPTER T1
CORROSITMN RESISTANCE OF TITANIMS TO PULFIRIC ACID

the problem of finding mstepials which can be used in the storage
and handling of sulfuric acid has received attention for =any years.
For handling concentrated acid, cerarmics, duriron, and lead are the only
materials which have jproven ssgtisfactory. In addition to thess aasterisls
eertain types of stainless steel have been used with dilute sulfuric scid,
‘m the basis of what has been found in the literature (5, 7, 11) it appeared
feasible to study the corrosicn of titanium in sulfuric acid, snd thus de-
termine its range of applicability.

A. Preliminary Testing. Corrosion tests were made upon titanium

metal in varlous concentrations of sulfurie acid esploying the procedure
#nd apparatus described in Chapter I. Titanium metal which had been
prepared in two different ways was uced. The metal in the cold-worked
condition was supplied in sheet 0.040 inch thick which had been cold-
rolled to 40% reduction in thickness following the last anneal, The
metel in the annealed gondition was cold-rolled with 40% reduction and
subsequently annealed at 1000°C in high vacuum,

The first series of tests was made at 35°C with the test solutions
fully aerated. Three sets of four sasples each of the annealed setal
wore tested in each concentration of K 80, selected for study. ‘The {irst

set was run for 48 hours, the second for 96 hours, and third set for
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144 hours. A scheme of this sort was propossd in order to determine if
the rate of corrosion changed wi th incressed time of exposure. In crder
to escertain if the physical treatment of the metal prior to testing “ad
any effect upon its rate of corrcesion, comparative tests were made upon
the metal in the cold-worked condition over 144 hour periode only.
Duplicate tests in all concentrations of ¥, 00, were made upon type 316
gtainless steel to eneble a comparison and correlation ef the rates of
corrosion for the titanium metcl with a well-known struvecturasl materilal
possessing good corrosion resistance., The results of thls study are
tabulated in Table I and sre presented graphically in Figure b,

B. Corrosion of Annealed Titanium. The annealed titanium wes found

to be attecked rapidly by ! ;3% in all concentrations sbove 5%. The
maximum rate of corrosion for the annealed titanium over the range of
scid concentrations studied was found to be in the nelghnhorhood of 403
Ea04e Another maximun sppeared to be approached sonewhere above 96,54
Ha%)e whieh was the upper limit of the range of acid concentrations
being studied. A marked decrease in the corrosion rate was chserved in
the region from 50 to 96.5% with a minimum rate in the vieinity of 65%
HaS Mg e

. Corrosion of Cold=Holled Titsnium, Fxamination of the results

for the metsl in the cold-worked condition shows that ite rate of cor-
rosion exceeds only that of the annesled metal in 10, 25, a:d 4A0% HeB87.
At most of the other concentrations, the rates for the two metals were
found to be s0 nearly identicazl that thelr difference is less than the
experimental error to be expected in tests of this nature,

D. Effect of Tempersture upon Corrosion. In order to determine the

effect of temperature upon the corrogion rate for titanjum in sul furic
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TABLE T

H.804 at 35°C - With Aeratien

Test H : : :
Seolutien,: Time Anneaealed Ti : Type 316 8.8, . Cold-rollsd Ti
Parcaji: {Hrﬁ.) 1 Meladdod $ Tle Do o208 ¢ Moo M MePod» ¢ fﬁodgd' : Neja¥e
1 144 0u42 0.13
5 48 1.26 o0 0.00 0.00

96 63 20 22 04

144 1.53 49 o4l 07 1.2 0.38
10 48 123, 39.4 1.13 20

96  109. 348 .87 W16

144 126. 40.4 o7 «13 206, 6640
<5 48 203, 64,8 36.2 6452

96 326, 104 . 12,0 2416

144 411, 131. 785 l.41 607. 194.
40 LB 3078, 554,

96 1165, 210,

144 1069, 341. 2435. 438, 1331. 424,
50 48 861, 2% 2630, L4

96 652, 208, 2662, A79.

144 489, 156, 2287 . 412, 334 107.
65 48 126, 4042 2064, 371.

96 88,1 2841 1902. 3426

144 8l.4 26,0 1830, 329, 63.6 20.3
75 48 311, 99.2 609, 110.

96 160, 51.0 736. 132,

144 131.0 41.9 914. 164.
96.5 48 556, 177. 11.56 2,08
(96.5) 144 697, 222, 8.30 1.49 655. 209.

192 696, 2224

¥ ¥illigrams per sguare decimeter per day.
##% '¥ils penetration per year.
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acid & sol 0l saneaiad Banples was exposed LO 55 kbl for A% hours at
6L%C. Tae average rate wus found Lo be oy m.dl.d. a8 compared to 1.26
Mediecte 40 & idanticul temt carried oul at 35°C. A similar set of
annezled sanplos was expused L0 Saw HaSiga at 60°C for 96 hours. Tre
8verags rele was vLeerved Lo be B57 Mededs @5 compared to 0,63 m.de.d.
for an identical test at 55°C.

e Advanced Investigations. An iuvestigaiion was undertsken to de-

teraine the reasou for ihe grestly deéecreased rate of corrosion exhiblited
by the titanium metal in 65% 1,7°,. The lirst step in Luils study was
to deltermine the chemical reactions occcurring over the concentration

range of o0,

e d

studied at 335°C.

The apparatus diagrammed in Flgure 7 was used for this study. “everal
pleces of titanilum metal, which had been finished in the preseribed fashion
and whose total surface area was approximaiely two sqguare incheg, were
welgh-d and placed in the reaction flask (a.). 350 ml., of the test solu-
tion was then added to this unit and so menipulated that the leg oif the
reaction flask pictured to the left was entirely filled with the mixture.
The leg cn the right was thei: filled «+ith an inert gas in order to blanket
ihe surfuce of the test solution from the air, vhen almost 100 cc's. of
gas had been evolved, the gus was withdriwn into the Jacketed gas burette
(b.) cver mercury. Unit (a.) was then imnediately emptied and ihe speci-
mens removed from the test solution. 7They were then scrubbed, rinsed,
and reweighed. The total volume of gss ccllected was measured and then
passed into pipette (c.) which contained 0.1 # iodine solution. If any
Sug were present in the gas it would be removed by thisg unit. The pas
volume was then messuwied in the burette, The gas was next analyzed for

Y, by passing it over copper oxide at 300°C in unit (e.). 7The residual
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FIGURE 7.
GAS ANALYSIS APPARATUS



¢as was collected in (d.). This operation wes repeated uniil tre final
read ng of volume was constent. The residusl ;28 was analyzed speciro-
scopically by spark emiseion in a small (elssler tube &nd wes found to
be nitrogen. Thig nitregen was probably physieally adsorbed in the test
solution &t the start of the tests.

A1l gas wolumes were correcied to 3. T. P. and were corrected for
the vapor pressure of water in the gss burette. Also the solubllity of
Ha was taken inteo account in the various test sclutions under study by
approximating data found in Seidel (25). By knowing the weight of ti-
tanium which had rescted snd the corrected volumes of the gaseous products
the stoichiometric equations were readily found. These sre presented
in Table II.

‘xamination of these resulis shows that the resctions a= writtien
for 80, 85, 75% acid are very closely followed, however in concentra-
tions of acid below 403 the deviation from the proposed reaction is very
marked. The possibility of the formation of Ties with 40% 4,804 was in-
vestigated since the presence of this ion would account for ths 1 rge
discreparncy noticed.

ThALE IT

Determination of Products of Reaction

3 H b4 3
Conce 0f: 1 veles ™ ¢ oles TL : rerecent Ti
F a8yt keaction : by wbt. ¢ by Gas :Unaccounted
“ercent ; 1 e, : Analysis .
35 2TL4TH 480> TL2(504 ) a3, 0.00182  0.00153 16
40 " <0296 00234 20,8
40 " 00305 00251 17.7
75 " 00270 00270 0
80 i «00173 00173

0
85 " 00125 00124 0.8
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L test was casrried out in 407 ¥,50,, and the solation alter the
test was analyszed for TLi** by oxidizing all of the titanium to Tit++d
with Jerric iron and then oxidizing the ferrous iron with dichromate,
It was found that there wss no Ti** present, and in faci, socne of the
Ti*** had been oxldised to Ti*++* during the testing period.

After it was established that Ti,(87,)az wae the corrosion product
when titanium reacted with concentrations of F,f04 from sbout LU 1o
85%, it was thought necessary bto irnvestigate the sclubility of this
compound in the wvarious concentrations of sulfuric acid ueed., 2 number
of cne inch sguare titarium specimens cut from shest 0,040 inch in thick-
ness were finished in thre prescribed fashion and immersed in separste
beakers of 65% I;5804. Each beaker contai~ed 150 ml. of acid and was not
provided with sny meraticn., Uss evolution began immediately from all
gpecimens, but after twenty-four hours the grecimens were seen to be
covered with 8 viclet film end did not seer to be reaciing further. A1l
the samples were then renoved simultaneously and individually placed in
separate beakers containing the following concentrations of sulfuric acid:
40, 50, 60, 70, 804, The time was then recorded for g,s evolution to begin
from each manple. The specimens which were placed in the 40 and 80% H 80,
began to corrode immediately as the Tilm of Ti,(804)s went into solution
at once. The specimen in the T75% U504 began te corrode after four minutes,
and the one in the 50f% HpS04 after one hour and ter minutes. The specimens
in the 60 and 704 1,504 began Lo evolve gas very slowly after six hours
and fifteen minutes had elapsed. Aifier prolonged exposure of the specimen
to the % acld the odor of H,° was perceptible,

On the basis of the foregoing evidence it appesrs that the very low

rate of corrosion found in the 655 1,80 is due to the relatively insoluble
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£l of Tin(“04)a formed upon the surface of the metal. With a test
solution of an oxidizing nature such as wes used in the original test,
the Ti,(S04)s is prcbably oxidised to TinNsD, whieh was proven to be only
8lightly scluble in 651 H.S0, snd loosely adhering.

Thuz it may be exrpected that the rate of corrosion would be siightly
greater in an aerated solution due to the fact that the protective barrier
of Tiy(B0¢)a is being continuously removed to a slight extent by the oxida-

tion process.



PART TT e~ ERPVHIMENTAL

CoAPYRER III
CORRMTION RESISTANCS OF TITANIUM TO HYDROCRTORIC ACTD

ine second most impertant commercial acid is hydreochloric, aund as
in the case of sulfurie acid relatively few materials are known which
withstand the action of its aguesus sclutlens,., [ickel, certain nickel-
chromiusn-iren alloys, nickel-molybdenua~iron alloys, silver, carbon steel,
tantalum and copper are the only metals which can be used to handle aqueous
hydrochloriec acid., A study was made upon titscium to determine Lf i{ could
be used in the construetion ol equipment %o w.thstand this acid.

Ae Preliminary Study. Corrosion tests were made upon titunium metal

in the snnealed condition in verious concentrations by weight of hydro-
chloric acid employing the procedure and apparatus desecribed in Chapter

I - kxperimental. The [irst series of tests were made at 35°C in fully
aerated solutions. The results of these tesis are tabulated in Table 1II
and are graphically illustrated in Filgure 8. Iike the Lests made in sul-
furic acid, type 316 stainless steel was exposed to similar tests with
hydrochloric acid for comparison purposes.

It was found that the corrosion rate of tLitanium incressed only
very slightly with increasing concentration ¢ HCl up to Sx. The rats
then inereased steadily with acid concentration until resdy dissolution
of the metal was obtained with 3% HC1l which is ithe strength ususlly

supplied as a laboratory resgent,
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FROTE YT
AL I E‘ E‘ i }‘

ECLl &t 25°7 - %ith Aeretlon

t 3
Test £ H
Solution, . Time s Annealed Ti H Type 316 s.s.
rgrceni H{ (i rs.) f mededen 1 Men.¥e#d 1 Relele ! Melale
: : : :
0.5 48 0.97 0.31 1.75 Cos2
?6 . 36 ol:"? 17{:' 01:}
144 12 «04 79 14
1.0 48 A 14 2e8 A3
96 .Ag 016 1 .2 022
144 bl 13 20 216
5 48 1.40 55 650. 177.
96 ledd L6
144 1.20 «38 301. 54l
96 2ok 7.78
144 7T 154
10 48 130. 4l.4
SE 1z2¢, Llel
Y4 133. Ll ek,
15 48 i39. 5C.¢
96 179, 572
144 205, 6447
20 48 253, 80,7
96 353. 113,
144 394. 126.
37 48 6250, 1930,

# ¥illigrams per square decimeter per day.
»# Mils penetration per year.

B « Effect of Temperature, A ssries of tests mimlilar to trose at 35°C

were made at 60°C with fully aerated seluticns. The maximum concentration
of 101l studied was 5§ since from the data obtained at 35°C, it is obwious
that the rates would be very grest in hycdreochloric acid ¢f any greater cone
centration, The results of this investigation sre tabulsted in Table IV and

shown graphically in Figure 6.
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TABLY IV

YCl at 60°C - With aermtien

39

Test 1 s H
folutimm, . Timg . fanseled T4 1 Type 316 s.8.
Percent HCl (Efrs. } : m.d.d. : HePeY e H m.d.d. H MaDeY
b 3 ? 1 :
1 96 0.50 .16 4LOL 83.5
1 B FA 452 8i.4
3 344 0,91 0,29 1408 253,
4 1id, Gbe5 30.2 217 3%<e
5 g6 263, 8.0

S

it wes found that a neglipgible raete of corrosion was shown by the

titaniure at this temperature in concentratione of HC)l up to three percent.

vhen tre temperature of testing wae increaszed to 100°C it was found that

titarium reaisted only eohcentrations of HCY which were 1 percent or less.

Thaese datz are btubulated in Table VvV,

TABLE ¥

100%C - wWith Aeration

Test ) '
Solution, : Time : Annealed Ti
Percent ECI H {HI‘E.) M Mellada RePeY e
1l 144 l.35 043
2 144 963, W7
3 Y44 1687, 538,

In every test which was made witlh +HCl no severe pitting was noticed.

The corrogion in &ll cazes was very even with no indication of any preferen~

tial attacic.
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Ce Corrosion of Titanium Prepared by Melting., In order to ascertain

if the fabrication of titanium by meliing rather than by powder technic
has any effect upon the corrosion resistance a duplicate study was made
using 104 HCl as the testing solution., The metal was preparsd by the
Battelle ¥emorial Institute by melting titanium prepared by the modified
Kroll process in & tungsten arc. The stock {furnished wag in the form of
0,040 inch sheet in the cold-worked condition. The test was carried ocut
in 10% HCl which was fully aerated at 35°C. The total testing pericd
was 144 hours, Before testing, the specimens were given the prescribed
surfacing treatment. It was found that the metsl prepared by melting was
glightly more resistant to corrosion (at least in 10% HCl) than the metal
prepaered by the powder technic. The rate of corrosion for the former was

32 mils per year as compared to 38.4 mils per year for the latter,



PERT 1T - EXPFRIVENTAL

CHAPTER TV
CORROOTON HESTSTANCE OF TITANIM TO NITRIC ACID

Another of the important mineral acids is nitric acid. Its widespread
use by industry especially in the manufacture of explosives make it an
important item of commerce. It was decided to study the corrosien of
titanium in nitricacid in order to determine if it is sulitable for use

in coutainers and process equipment handling this aeid.

Ao Preliminary Testing, Corrosion Tesis were made on annealed
titanium metal in various conecentrations of aersted nitric acid. The
metal was first tested at 35°C and the results of this study sre shown
in Teble VI. It may be seen that titanium metal is very resistant to
attack in all concentrations of nitric acid uwp to 69.5% at this temperature.
After testing, the surfeeces of all specimens were viszually unattacked and
seened to be coversd by & nearly transpasrent film with a very sliight amber
tint.

Tests were also conducted at 100°C using 5% and 10% HiGg for periods
of 144 hours. A rate of 0,61 mils per year was found in the 5% HN(3 and
1,29 mils per year in the 10% HNOa. These are slight increases over the
values found at 35°C but are still negligible.

Titanium was tested in non-asrated, boiling 654 nitrie acid and was
found to have an average corrosion rate of 1l0.4 m.d.d. or 3.31 m.p.y. Testis

were also made in fuming nitric acid (assay 90%) at room temperature over a



240 hour pericd. There were no visible signs of attack after testing and

a negligible loss in weight was found (0,18 mededs Or 0.0 MePeYe)o

TABLE VI

HHOg3 at 35°C -~ With perstion

Taat 1 ? H
“olution, ; Time of : knnealed Ti } Type 316 s.8.
rercent 3 Kun {(hr.) : Medede & MePaYe ! Mededy ¢ MePeVe
H : :

5 A Qa4 0.08 0.41 0,07
10 144 51 16 50 o UG
20 144 «57 18 47 .08
30 144 B4 27 38 <7
40 L4 72 23 41 .07
50 144, o 72 23 <50 « 09
60 144 87 28 1.00 .18
69e5 48 1.40 45 2ol oty

By Study of Passivily of Titanium,., Xroll has pointed out that concen—

trated nitric acid passivates and acts upon the titanium in such & way

that HC1 and 71,804, when dilute, corrode the metal very slightiy (19). An
investigation was initiated to study this behavior and perhaps provide an
adequate explanation. In & preliminary test & specimen of annealed titanium
was exposed to bolling concentrated nitric acid for ten minutes, rinsed,

and placed in 655 H;S04. After 48 hours active corrosion with gas evolution
occurred., It was concluded from this test that the filn formed upon the
metsl durdng the nitric acid trestment was very thin and offered slight
resistance to this test solution.

e possibility of an oxide film being the means of gaining passivity
with titenium was first investipated. The e ssiveted surfaces of several
specimens of titanium &nd tie surface of sn unireated specimen were examined
by electron diffraction. ihe specimen which had received no trestment gave

noe pattern. A specimen which was coated wit! an oxide film by exposure to
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oxygen in a tube furnace gae a very distincet psttern for Tin, of the
anatase and rutile forms. A third specimen whiech was trested with bolling
hiOg for ten minutes gave patterns of asnitase and rutile, but the broad,
hazy lines obtained indicate that very small crystals were present. &
specimen which was treated in a 403 Ho804, 5% FNCy for 24 hours at 35°C
also gave a pattern for very small crystals of anatase and rutile,

The results of the above study seem to indicate that the passive
effect oi Hiiz on titanium is due to 8 crystalline oxide. It was decided
however to investligale the poesiblilily of e presence of physically
adsorbed gas within the parsive {ilm as a seccnd compenent a&iding the
protective action.

The apparatus shown in Figure 10 was consiructed for use in this
study. A Duo-fesl forepump was u.2d with a mercury diffusioen pump to
obtain the low pressures necessary. A means of adding the test solution
directly to the system was alsv provided., This enabled the specimen to
be exposed directly to the test sclutlion after belng evacuated without
internediate exposure tc air., The pressure within the system was deter-
mined with a Ycleod type gauuge which was accurate to 0.01 micron.

Before any specimens of titanium were tried in this apparatus,
Fontana's experiment was duplicated, using 18-85 stainless steel in order
to ascertain if the apparatus was correctly designed., His resulls were
duplicated (9).

The specimens to be tested ware given a surfacing treatment as described
in Chapter II. After drying they were placed in boiling, concentrated hliGs
for ten minutes. Thay were then renoved, rinsed with distilled water, and
dried. During each run under vacuum with the passivated specimen, & similar

specimen was placed under distilled water. ;i the same time that the test



)
(0
To pressure
(@) gauge
N
(e) N & |
water Y in
L_\g{gjer

out W

(@) Forepump

(b) Condensable vapor trap
() Diffusion pump

(d) Condensable vapor trap
(e) Specimen container

(f) Test solution container
FIGURE 10.

LOW PRESSURE APPARATUS

44



solution wes added Lo the specimen under vacuum, the tesl solution wis
alsc added 1o this control specimen.
The recults obtained through thisz o ocedure are shown in Tsblie

vIT

Liwe
TARLY VII
Fffeet of Vacuum on Passive Film
H ! 1 H s Time fefore o
1 : 1 ] 1 ¥vacuated : Time Refore
: : Time in : Test temverebure. ample Cor— @0 {ontrol
Test : Pressure, : Vacuum, : Solution,: of Test, : roded, + Correoded,
Ho. 3 [ dlorons) . Pours ;. ercent . °C : Viours : I ours
1 1 : : ? 3
1 1.0 5-1/2 40 ¥ 504 Roant 16 48
2 C.2 5 50 vy, Hoom 12 Lt
3 0.15 6 40 H %04 35 16 48

Figure 1l shove two specimens of btitenium which were passivated in Wi,
and then subjected to 40i Ho50, for 24 hours. The specimen which shows
attack (2) was rubjected to & presture of O.2 micron prior to trestment
with 4O¥ ¥ 80,. The unattacked specimen (1) wes placed directly in the
407 1,704 after being passivated.

These results indieate that the passive nature of the film in part
at least must be dependent upon physically adsorbed gas within the film
of oxide,

It was believed possible, however, that ges could be adsorbed by
the metal priér to the trestment with i3 sad when exposed to low pressure
would escape through the film of oxide leaving a daunsged protective layer.
In order to zecertain if this were the case, & specimen of titanium was

degassed for 5 hours in the spparatus at 0.2 micron before being treated



FIGURE II.
Effect of Low Pressure on Passivity of Titanium
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with MHUs which was bled directly into the wvacuum. 4after 10 minuves in
boiling HiUy the specimen was rinsed, dried, and kept under 0.2 sicron
pressure for 5-1/¢ hours., At the end of this time 50% 1,50, was bled

into the vacuum. Active corrosion was ncled after 12 hours al roos tenpers-
ture, The results of thie test indicate thal any physically sdsoroved pas
affecting the peasivity of the metal was andsorbved either durin, the treat—
ment with Hiia or during the time between treatment and placing in the
vacuun,

An investigation was next made to determine if the exposure of the
snecimen to alr after the traestment with HNOg caused the physicel adsorp-
tion of gas wvwpon Lhe surface. & zpecimen wes treated with boiling H¥uy for
10 minutes, rinsed, and placed under wvacuum while still wet. & pressure
of 0.1 micron was maintained for six howre st ro:m temperature. it the
end of this time 40U, 1,50, was bled Iinto the sysliem and msintainsd at
35°C. After 22 hours the specimen rhowed active atisck. An identical
test was performed upon &nother specimen with the exception thet this
one was dried before being placed upnder vacuum. It was found that itv
alro twok 22 hours for sctive corrosion to start on the seecond gpscimen.

¥rom these resulte i{ appears that the physically adsorbed gus
present in the film must be scquired during the trestment with nitric
acid.

Although it was strongly suspected thet the asdsorbed gas ic oxypen
or oxides of nitrogen, it was decided to confirm this belilefl by experimental
evidence. I1f the gar were oxygen or oxides of nitrogen, the protective
effect of the pasgive film should be greatly decreased in & test solution
saturated with hydrogeo gas. The zdsorbed gas would be removed by tnhe

reaction with the atemie hydrogen in equilibrium with the hydrogen
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dissolved in the test solution. Although the concentration of ateomic
hydrogen in equilibrium with molecular hydrogen at thig te perature is
very low & noticeable difference in the passive nature of the film in
this sclution and one in a solution saturated with an lneri gas, such as
nitrogen, should be detected. Accordingly, two specimens of titanium
were surfaced and treated with bolling Hi¥Os for 10 minutes. They were
then rinsed and each placed in 200 ml. of 405 HzS0, &t room tempsrature.
ine solution was saturated with hydrogen by bubbling in hydrogen gas,
ihe other solution was saturated with nitregen by bubbling in nitrogen
gas., It was iound that after 23 hours, corrosion of the specimen in the
solution saturated wlth hydrogen had begun. The solution appeared to
have a blue tint indicating the presence of Ti**., 7The specimen in the
solution saturated with nitrogen, however, showed no evidence of attack.
It was therefore concluded that the adsorbed gas present in the film was
gither oxygen or oxides of nitrogen.

A study was next made in an effort to draw a comparison between the
passive film prepared by liquid means and an oxide film prepared by dry
means. A specimen of titanlum wes surfaced and sxposed te bolling Hrig
for 10 minutes while s second specimen was surfaced and exposed to an
atnosphere of pure oxygen at 800°C for & short time. Hoth specimens were
placed in noneerated 407 Y, 504e After 48 hours the specimen treated in
K¥0y began to corrode. The apecimen treated at 800°C beganr to corrode
5-1/2 hours later. A control specimen of untrested titsaium rescted
immedintely upon exposure to non-serated L0% H;%0,. 1t was very svident
by visual examination before exposure to ¥ ,50, that the film prepared by
direct sction of oxygen with titanium at 800°C was much thicker than the
film prepared in Hilige I this were true it would appear thst the thilek-

nesg of ithe Ti0,; film was pot the contreolling Tsctor in the protective
neture of the {ilm.
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in order to determine if the film prepared by dry means contained
any adsorbed gas the following study wae carried out. Two specimens of
titanium metal were surfaced and exposed to an atmosphere of oxygen at
780°(C fer a short time., ¢ne specimen was then placed in the vacuum
apparatus and maintained under a pressure of 0.3 micron for six hours,
The other specimen was stored in s desiccator duriig this time, .doth
specimens were then exposed to 404 ¥H S0, at room tesperature. Ailter
12 hours the specimen which had been degassed showed aciive corrosion
whereas the other specimen did not show active corrosion until after 48
houre, This evidence indicates that adsorbed oxyren is of grest importance
to the protective guelities of a film of Ti0, prepared by exposure to &
controlled atmosphere.

In summary it may be sald that the passivity imparted to titardum
by nitrie ascid iz due to a definite film harrier. This filwm hae two
components, namely Ti0, (anatase ad rutile), produced by chemical resc-
tion with the H¥(:a, and physically adsorbed gas which is bound to the
surface by some physical atiraction rather than by an exchange of eslectrons,
It hag been sghown that the passivity exhibited by the film is seemingly
independent of the thickness of the oxide lsyer but ie dependent upon
the presence of physically adsorbed gas, It h & been further s own that
physlcally adsorbed gas is an essential component of a protective film
prepared by the action of oxyge~ upon titaaium st elevated temperstures,
The protection furnished by the oxide is probably due only to & layer of
moleculs r dimensions in direct contact with the metal interface. The
previous statement is in agreement with the Klectron Configuration Theory
(30, 31)s ¥Wowever, the presence of a physically adsorbed gas is not

covered by this theory. The fact that a phyrieally adesorbed gas contributes



to the paseivity cf titarium e in direct sgreement with the theory of
pasaivity for type 18-85 stainless gteel a&s proposed by Fontana (10).
The presence of an oxide film as & contributing factor to passivity is

not covered by this theory.

30



PART IT - Experimental

CHAPTER V

A STUDY OF M¥ANE OF INCRVMASING THE CORHOSION RESISTANCE OF TITANITS
IN SULFURIC ANWND RYDHOCHLORIC ACID®
In the previous chapter it was shown that titanium wes rendered

passive to the action of sulfuric &cid by a pretreatment with beiling,
concentrated nitric acid. It was found, however, that this pessivity
was effective for only about 48 hours when the metal was exposed to 40%
sulfuric acid at 35°C. In order to prolong this period of passivity it
was thought advisable to investigate the effect of adding small quantities
of nitric acid to sulfuric acid. OSuch additions of nitric acid to sulfuric
are of interast in tests of this nature because a large percentaga of the
sulfuric acid used by industry contains a considerable amount of nitriec
acid. It was planned alsc to study the effect of sdditions of nitrates
and also perchloric acid as means of inhibiting the corrosiecn in solutiens
of sulfuric and hydrochlorie acids. In addition to the formation of a
protective oxide film on titanium by inhlbitors it wsas also believed

that a similar film could be prepared by anodic oxidation, and it was
therefore proposed to investigate this possibility.

de Additions of HNOa to Sulfuric Acid., As the previous tests in-

volving passivity employed 40% sulfuric acid it was decided to use this
concentration of acid in the present study. A specimen of annealed titanium
was exposed to an acid mixture costaining 408 H ;804 and 10% HNOz. The

solution was not aerated and was maintained at 35°C for eix days. At the
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end of this time the specimen was renoved and examired. The spmceimen

wag found te ke slichtly discclorsd b an extremsly thin, aiierast, amber-
colored fllm, Thera was no evidence of any type of attack upon the speci-
men. [n order to deternine the least possible amount of nitrate ion which
1s effective in bringing about passivity, s similar specimen was exposed
to a mixture of 405 H,804 arnd 1% HHUz. An examinatien of the specimen
after an exposure to thiz mixture for six days &t 35°C indlcated that

no attack had occurred. The surface of the specimen was found to be

amber colecred Just as in the previous test. Specimens of titanium were
than exposed to the following solutions: 4UE 4,004 and 1% Ma g, 405
HpSG, and Q.54 NalTs, 408 HpSo, and 0,1 MaKiz. The tesits were made

with no seration at 35°C for six days. The specimens which were exposed
to the first twe solutions mentioned above showed no corrosion sud were
coverad with a thin amber film, The spacimen which was exposed to the

LO0% Y80, and O.1% ¥aNny was severely attacked. The corrosion was uniform,
however, with no obvious pitting,

Similar additions of ¥z te sulfuric acid were studied ai a highsr
concentration of sulfuric acld. A specimen of titanium was exposed to
96,51 ¥, and 1i 'HNa for six days et 35°C with no aeration. The speci-
men was unattacked at the end of this period. 4 simllar test was nade
using 96.5% H,80, and 1% NeNNg. After six days a very slight attack upon
the specimen was observed.

B. Addition of Ferchilorig aeid to Sulfuriec Acid. The addition of

perchloric acld as an inhibitor for sulluric acid was next studied., A
specimen of titanium was exposed to & nixture of 95i 4,804 and 0.5% =Clug
for a period of six daye at 35°C with no aeration. The specimea suffered

a wvory severe, uniform attacke.
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Ce iffect of Tempersture on WHiy Additions. At elewated temperature

the addition of N, 3 to sulfurie acid was alse found to be effective in
lowering the rate ef corrosion. 4 specimen of titaniuvm was exposed to
10% ¥ a8ne and 1% iy for six days. The solution was kept at 60°C and
was fully aerated., At the end of the testing period the specimen wus
exsnined and found to show no evidence of attack. Ordinsrily at this
temperature titanium is sttacked very severely by this concentration of
sul furic acid,.

D. Quantitative Tests., 1In order teo compare quantitatively the effect

of adding nitric acid to sulfuric acld a set of four specimens of ennealed
titanium was tested in a solution of 40% HpS50, and 13 H¥Oge The tests
were nade at 35°C in fully aerated solution over a six day period. Similar
tests were made upon type 316 stainlese steel. It was found that the an-
nealed titanium in this mixture of acid gave an averags corrosion rate of
UeY2 medede oOF D29 mepeye. Fhen annealed titaniws was exposed to L0% H 80,
under the same conditions the average rate of corrosion was found to be
1,069 m.d.d. or 341 m.p.y.

e Addition of HN0a to Hydrochloric Acid. The effect of adding nitric

acid to hydrochloric acid was next investigated. Four specimens of amnesaled
titanium were exposed to & solution containing 208 HCLl and 1% Hiiae The
teste were made at 35°C with full aseration for & six day periocd. The aver-
age rate of corrosion was found to be l.44 m.d.d. or 0.46 m.p.y. 85 against
395 m.d.d. Oor 126 m.p.y. for annealed titanium in 20% BECl at 35°C.

The results of all testis are tabulated in Table VIII.

Fs Previocus ftudies on Ancdle Films. In the past several yesrs the

anodic oxidation of aluminum has becone extremely important. vhen alumi-

num is expesed to alr it socon becomes covered with & thin layer of oxide



TABLY, VIII

#ffects of I[nhiblitors

folution : Temperature * Degree of : Hesulis
: °C : reration :

FAE 1O HROg 35 ncne no sttack
LQ% W. 1% HNOg 35 none no attack
FAN - SN 1. HaHOg 35 none no attack
40 HaSle, Cedn NaBOa 35 none no attack
405 B oS0e, Ol NaNdg 35 none severe attack
G6.5% HpSilge, 13 HaNOa 35 none slight attack
955 ¥ ally, 055 HC1y 35 none severe attack
10% 1,504, 14 HNO3 60 aerated no attack
205 BCL, 1% HNOg 35 aerated no attack
LO% G 80, OCe5% HNOg 35 asrated no attack

™~

which protects the surface from further eorrosion. Such a film may be
prepared by chemical treatment, especilally by anodle oxidation. Uxide
films prepared by such treatment have the property of only allowing the
passage of current in one direction, that is, from the metal into the
oxide. Thus, when aluminum is made the anode in a cell containing &
weakly basic solution and a given potential impressed upon the cell from
an external T'.C. source, it is found that the ocurrent will rapidly de-
crease to an extremely low value. If the veltage is further increased,
only enough current will flew to increase the film thickness until its
resistance i2 grezt enough to allow only an infinitely small current to
flow for the voltage impressed. Such coatings have found use in electro-
lytic rectifiers, lightning arrestors, and for applications where im-
proved resistance toward corrosion is desired. The anodic film prepared
on &luminum and its alloys is transpsrent but csu be ceolored for deco-

rative applicastions by dyeinpg with organic dyes.
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7t was pointed out by Kroll (17) that a film of t:tsnium oxide on
titanium also allows ecurrent to flow in only one direction. FHe also
sugpested the use of titenium in pliace of aluminum in wet rectifiers
using KOH as the electrolyte. This afiect was aleo found in dilute
sulifuric acid seoiution.

It was decided to investigate the conditions under which the oxide
f£iim on titsniwm could ve prepared and its e7Tect upon the corrosion
resistance of titanium to aclds. It wzs found in the prelinminary tests
that the oxide [ilm so formed exnibits s broad range of very brillisant
colors which is dependent upon the following Iactors: The compesition
of the electrolyte, temperature, source cf current (A.C. or L.C.), &nd
the rate of voltage increase ;ith time,

Ce ¥Film Formation with Alternating Current. A serles of experiments

was made to determine sultable electrolytic solutions for this process,
and te determine the limitations of the other variables previously men-
tioned. In these teats a source of 60 cycle alternating current was
used with a Variac in series with the cell to control the voltage scress
the cell. Roth electrodes in every et were of cold-rolled titanium
polished to a bright finish and pre-cleaned in & mixture of 50§ ethyl
alcohol and 50u ethyl ether,

The sclutions found to be most satisfactory are as follows: (1)
faturated Nau(iz with addition of 1.25 c.ec. of 304 ¥ p0, per liter.
(2) faturated neliCs with additions of Cril~. (3) 3% ¥KI0na with slight
addition of 30% H,0g. (&) 3% solution of Mapiig,.2H g 0. (5) (0T
solutions of all strengths above 3. It was found that the additions
of 1,0, and Cri, to the seturated Nay(lj greatly decressed the current

requirenents of the process and increased the esse with which the color
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of the [ilm could be cotrolled. #ithout these additions the film which
was formed appesred to have many minute breaks which served to lesk cur~
rent snd not only lmpsired the effectiveness of the film &s 8 protective
device but alzc increased the temperature of the elecirolyte due to the
increased 1< loss. The most satisfactory results were obtained with
the electrolytes at room temperature (22°C), 4s the temperature was
ineressed it was increasingly difficull to Torm the film.

vhen a 37 solution of Ha,Wig.2 ;7 was used as the electrolyte with
two titanium electrodes and an A.C. current the following optimum conditions
were found. & waxisum potentisl of 20 volts was reached in 38 minutes
when the temperature of the electrolyte was Z2°C. During the test the
potential was ilncreased in small encrements so that the current density
of either slectrode never exceeded 4.55 amperes per souare decimeter. The
color of thae film when first formed was yellow but gradually changed through
gold to erimson at the end of the test,

Tt was found that when a 3% solutlon of KyGrog at 22°C was used the
potential could be increased to 13 wvolis in 30 mimutes. The film obtained
was gold in color and was found to be 0.30 mils thick by means of a filmeter
developed by the Naval Research Laboratory and manufactured by the Ameriean
Instrument Company of Silver Spring, uarylsnd. A further increase of poten-
tial to 24 volts st the same current density ss before caused the film to
change to a Dlue color, The thickness of this {ilmwas also found to be
0.30 mils by the filmeter., It is doubtful if the sensltivity cof the fil-
meter is great enough to measure accurately the small inereasse in fila
thickness indicated by the color change of the film.

A satisfactory film was obtained with a solutlon of saturated ¥Yauliy
with slight additions of ¥, or Croz  at room temperature when the voltage
was inersased ;radually =o that the current was kept below L& smperes per

square decimeter at all times.
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A solution of 3% XIO, at room temperature wae found to give very
satisfactory results. A small quantity of free lodine was liberated
during the electrolysis, but this effect was made negligible by the
addition of a small amount of VM, 0,.

The results of tests with the electrolytes previsusly mentloned and

also the cother electrolytes studisd are presented in Table T:.

TABLE TX
Flectrolytes Studied for Anodiszing Titanium with Alternsting
Current
M M 4 b 3
Electrolyte : Temperature: Time, -Maximum: Current : Final Color
: °C :%inutes;Voltqgs:hmpa,/ﬁm,z : (kemarks )
Sat. N&HCOy + Haly 22 185 32 Lo.65 light blue
Sat. NalCis 23 16 14 38,0 burnt amber
3% Kilg + Halg 22 1.55 light blue
3% Na W04« o 22 38 20 4465 rose
3% Halog above 15 V. film broke
3% KaCrig 22 30 13 1944 gold
3% Cainlg 20 12 11 Q.62 film dissolved
5% HNO3 22 22 16 above 16 V. film broke
Sate NaHDPO, 22 surface was resdily attacked to form thilck gray
film

He Film Fermation with Direct Current. 4 study was next made to determine

sultable electrolytes and the time-voltage relaticnships for the anodic
oxidation of titanium using & direct current source. In these tests cold-
rolled titanium was used for the anodes and lead for the cathodes. A vari-
able resistance was placed in series with the cell to provide a means of
regulating the cell voliage. The titanium electrodes were polished to a
bright finish and washed with & mixture of 504 etiyl alecohel and 50i ethyl
ether before the anodizing operation. The following solutlons were found

to be very satisfactory for thes anodic oxidation of titanium with direct
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currents (1) Baturated NeuQnz. (2) Ssturated Ma , PP0g. (3) 157 w904,

(4) 33 Catglae AL 22°C it was found that in all of the electrolytes
mentioned above, a corrosion resistant oxide film wae produced by gradually
inereasing the potential to 40 wolts over & 55 minute period.

I. Corrosion tesistance to Sulfuric feid, ¥Yach of the specimens whiech

was anodized was exposed to a solution of 5% H,804 at 35°C with no aeration.
A specimen of titanium which had received no treatment was also exposed to
5% Ho80¢e. It wes found that the specimens which had been & odiged showed
sbsolutely no corrosion over a 2% day period. The specimen which had not
besn treated was attacksd at the rate of 67.5 m.d.d. or 21.5 m.p.y. over
the 28 day peried. 7The results of this test are shown in Table Y.
4 specimen ¢f "ancdized” titanium also was tested in 40% sulfurie
acid at 35°C. Over 2 zix day testing peried the corrosion rate was “ound
to be 150 mils per year, whereas the untreated mstal was found to corrode
at the rate of 425 mils per year. It was observed that the “anodized®
specimen did not start to corrode actively until after about 48 hours., At
the end of the testing period, howsver, active corrosion was ovecurring,
anc the surface was found to be very evenly attacked. It is very likely,
therefore, that if the period of testing were extended the rate of corrosion
of the treated metwel would approach in value the rate of the untreated metal.
In corder to deternine the maxirum covcentration of suvlfuric acid in
which the anodid ng treatment would offer sstisfactory proteetion to titanium
the following tests were made. Three specimens of titanium were surfaced in
the usual Tashion and oxidiged anodicelly in @ saturated solution of sodium
bicarbonate st 22°C. The potential was increased st such & rate that after
seven minutes the potential across the cell waz 25 volte. At no time was

the anode current above 0.39 amperses per square decimeter, The speclmens
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were Lhen riunsed, cried, and weighed. ihey were exposed to 10U, 157, and
0% sulluric acid respectively et 55°C with {ull seration for 1li duys.

it wae found that 10, sulfuric acid did not stiack the Yauodizgen” titanius,
however, ln 15. sulfwric scid the treated melal wus found to exbibit & rate
of 86,0 m.dede Or 2744 fepeye In 205 sulluric acid the rate wus iocressed
to 304 meleds O $0.8 mepeye These teste indicate that at 35°C the strength
of suliuric acid which 1s [ully resisted by titenium may be Lucressec {rom
54 te lUs by ths process of anodic oxidatlion.

Jo Corrosion iesistance to hydrochlerie idcid, In order to determine if

the ancdie axidstion produces & film upon titanium which is resistant to
hydrochloric acld a set of specimens which were anodically treated by the
method deseribed immediately above were exposed to 104 hydrochlorie acid
8t 35°C with Mull aseration for 21 days. At the end o’ the testing peried
the specimens were found to have been attacked at the rite of less than
Ce35 meded. which aay be considered full proteection. The ratsz for un-
treated titaniuws in 108 hydrochloric acld wes found previously tobe 133 m.d.d.
Thus, the useful rsngs of hydrochloric acid with titanium at 35°C can be
inereased from five percent Lo ten percent by use oi ancdic oxidation. Tie
resuite of all corrosion tests on & odized titanium are tabulsied in lable .
Tholy X

corrosion desistance of "ianedized? Titanium

Tegt Temperesture Aeration  length of
solubion 0 Test, .wys Lenarks
35 none 28 no attack
35 none 6 atteciked, 15¢ mep.ye
35 full 1 no attaek
35 full 11 sttacked, 26 m.ded., 27.4 m.peye.
35 full 11 attacked, 304 m.d.d., 96.8 m.pey.

35 fall ral no attack
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CHAPTER Vi

STRESS CORROSION OF TITANIDM

In almost all applications of materials of construction the problem
of strees corrosion occurs. Applied stress in addition to residuasl
stresees in & metal sometimes csuses corrosion phernomena which would
not cecur to the metal under ordinary conditions., It is therefore very
important to understand the mechanism by which such attack proceeds in
order to determine processes of fabrication which would eliminate this
attack. Before titanium ecan be considered for use in the construction
of chemical equipment it im necessary to have some information on what
type of stress attack is to be expected, To the knowledge of the sauthor
there wag no information avallable on this subject at the time this re-
search was begun.

As Testing Progedure. 7The specimens to be studied were cut to the

following dimensions: 0.9 om. x 10 em. x 0.112 cm. The specimens were
then bent in a ¥ shape as shown in Figure 12, The distance acrossz the
open end of the U was 2.5 em. A glass clamp was fitied over the ends of
the specimen bringing the distance ascross the ends te 1.0 em. The speci-
mens were then given the standard surfacing and cleaning treatment, and
exposed to 750 ml. of & solution of absoclute methyl alcohol econtaining
04335 by weight of bromine., The solution wae heated during the study
and allowed to reflux. The boiling point of this mixture was 64.7°C.

tfter felilure, the specimens were removed an:d studied mieroseopically.



FIGURE 12.
Battelle Ti (consolidated by melting) tested
under stress in a 033 % Br2 solution in
methyl alcohol at b.p. Failure occurred
after 1/2 hour exposure.
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3, Annesled Titanium. 2 specimen of annealed titanium prepared by

powder metallurgy consolidation and subsequent rolling and snnealing was
stressed and subjected to the testing solution. After 23 houre the speci-
men was removed and examined, slthough failure had not oecurred. The sur-
face of the specimen was darkened., The specimen had become weakened at
the bend and could be moved easily whereas before the test it offered con-
siderable resistence. '

The s tructure of the stressed section after ithe test is& shown in
¥igure 13, and the structure of the unstressed section is shown in
#igure l4. The attack in both cases was intergranular, but appears Lo
have been much worse In the streszsed section. ‘The annealed grain structure
cutlined by the intergranular attack was seen to be typically polyhedral.

& second specimen of annealed titanium with the same deformation was
exposed to the test solution for 18 hours without failure, The structure
of the stressed and unstressed sections of this specimen are shown in Figures
15 and 16. TIn both cases the metsl underwent intergranular attack., The
extent of attack was not as great as thet observed im the {irst specimen
due to 205 less exposure tine,

C. Cold Rolled Titanium, A specimen of cold-rolled titanium prepared

by powder metallurgy consolidation and subsequently rolling with 404
reduction was stressed and exposed to the standard testing solution. Failure
cccurred at the stressed section after two hours exposure. The structure
at the peint of fallure is 5 own in Figure 17. 7The attack at this polnt wasa
extensive, The structure ¢f the unstressed section is shown in Pigure 18,
The corrosion at this point was mederate. In both cases the altack was
intergranular.

The effect of stress on the extent of intergranular corrosion was

greater in the case of the cold-rolled titanium than for the annealed



FIGURE 13.
Annealed Ti(consolidated by powder technic) tested
23 hours under stress in a 0 33% Br” solution
in absolute methyl alcohol at b.p.



FIGURE 14.

Same sample as FIGURE 13, long section through
stressed end of sample.



FIGURE 15.

Long section of annealed Ti specimen (consolidated
by powder technic) after exposed 18hours in a
0.33% Brz solution in methyl alcohol at b.p.



FIGURE 16.

Some specimen as FIGURE 15. Longitudinal
through unstressed end of sample.

section taken

Cbo6



FIGURE 17.
Cold rolled Ti(consolidated by powder technic) exposed to
a 0.33% Bz solution in methyl alcohol at the b.p.
Corrosion extensive.



FIGURE 18.

Some specimen os FIGURE 17, longitudinal section through
unstressed end of sample. Corrosion moderate.

G8
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titanium in the ssme medium, This can be resdily observed by comparing
Figures 17 and 18 with Figures 15 and 16,

The rapid intergranular attack upen beth the annealed and cold-rolled
titanium by the Br,-Ciis'¥ rezgent suggests a possible method of converting
scrap titanium to a powder fomm which could be re-consolidated by powder
technics.

De_Cold-Rolled Titanium Consclidated by Melting. 24 specimen of titanium

prepared by a melting procedure with subsequent 40 reductioen by cold-rolling
wes stressed and pleced in the .33% Bry solutlion of absolule methyl alcohol.
Failure occurred saiter 1/2 hour exposure., The appearance of the specimen
after failure is shown in Flgure 12, The early failure of this specimen
was sttributed to the occurrence of tension stress erascke along the out-
side radius of the bend, which were propagated to feilure in the corrosive
medium. The intergrsnular character of the failure together with a typical
tension stress crack may be seen in Pigure 19,

The results of this resesrch indicate that fallure of titanium due
to stress corrosion can be minimiged by an annealing opsration after the
cold rolling step in the manufacture of sheet materizl, It also appears
that the metal consolidated by powder metallurgy may be stressed much more

than the tltanium prepared by melting without danger from stress corrosion.



FIGURE 19.

Long view at failure point of specimen shown in
FIGURE 12. Note tension stress qrack near break.

70
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AN RY

rquipment was designed for investigating the corrosion of ductile
titapium in sulfwric, nitriec, and hydrochloric acids. It was found that
titsnium can withstsnd concentrations of sulfuriececld up te 55 et 35°C,
but an increase in tesperature to 60°C increased the rate to such an ex-
tent that the use of ithe metal under these conditions is impossible. The
reaction mechanism of titanium in sulfuric acid was investigated, asnd it
was concluded that the decrease in corrosion rate observed in 655 sulfuric
acid at 35°C was due to a protesctive film of Ti,(8)4)s that is insoluble
in this concentration of acid. The corrosion of annesled titanium and
cold-rolled titanium in swulfuric scid was compared and was found to be
identical.

A8 in the case of sulfuric acid, titenium was found to resist hydro~
chloric acid up to 5% at 35°C. An increase in temperature to €0°C was
found to lower the maximum permissible concentration of hydrochlorie acid
to 5., &nd a rurther increase in te-psrature to 100°C lowered this con -
centration to 1%. Titanium metal consolidated by melting was compared
in hydrouhloric acld against titanium prepared by powder technics and
was found to be slightly more resistant to corrosion than the Jatter.

The corrosion resistance of titaciwa to nitric acid ef &ll concen—
trations was found to be excellent at all temperatures up to, and includ=-
ing the belling point of 65, acid.

in explanatien was sought to account for the passivity exhibited by
titaniuww in nitric acid. Ixperimental dat: relating suggested theories

and &n interpretetion of trese have been presented to throw some light
upon the mechaniem of this phenomena. 7Tt was concluded that the passivity

was due both to the presence of an oxide film and to the physical adsorption
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of & gas (either ¢, or oxides of nitrogen) upon the surface of the metal,
Tre protection offered by the film prepared by exposure to oxygen at
elevated temperatures was shown &lso to be dependent upon physically
adscrbed gas.

Various means of inereasing the corrosion resistance of titenium to
hydrochleric and sulfuric acids were investigated. The uses of inhibitors
and anodic oxidation were examined mmd comparative data developed.

The stress corrosion of titanium metal prepared by seversl different
technics was investigated, and an effort was made to correlate the methods
of consolidation to the susceptibility to etress attack. 4 met of mlcro-

photographs illustrating stress corrosion was presented,
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