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. The prinary objective of this anaorandua is to present unclassified experimental teta 
concerned with the oxidation characteristics of oolunblun and colunbiun base s!1sys_ 
An attempt has been made to present the data in the acet concise fore possible* bowl 
ever, there is a great deal of inf creation to be covered. The survey fer the ease af

other band, data concerned with coluabiua base alleys is as complete as practicable 
The authors have aade little if any attempt at data Interpretation* thia will bo in­
cluded in another rasaorendum which will approach the subject of eoloribiua base al love 
froa an overall viewpoint. In the meantiae, other aeacrandww ---- ---
with surveys of nechantoal awtallvrgy and physical metallurgy.
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the memorandum* la to bring together In only a very few publications much available 
information on the ■ object, and thus make thia information readily available to C1K&L 
peraoonal and consultants directly or indirectly concerned with alloy design and eval­
uation.

02

It must bo borne In mind that many of the rmqwwlticna Hated In the appendix are 
quite impractical from an engl marl ng viewpoints strength any be nil, brittleness 
any be excessive, or fabrication any bo impossible. However, these same allays 
should not be ignored since they nay Indicate to net energies! research workers f-in- 
damerit al Information of ion importance, er aay be no— vary practical alloy* when 
sufficiently codified.

The bulk of oxidation information is contained in a comparatively large madber of 
tables attached as an appendix j other information la contained in th* text. Because 
of the great variance in tooting procedures used by different workers, results have 
been cataloged under laboratory naae otd>-h—dings. Since identical alloy yyet—e 
have been treated by several different laboratories, the first two tablas of the 
appendix should facilitate the locating of data for a particular alloy ay st—.
Binary alloys ar* listed in Table A-l. All mare oraplicated alloy ay st earn have boom 
treated as ternaries or their modifications, and a cross reference of basic ternary 
system la Included In Table A-2. Also included In the memorandum ere short sections 
dmling with the theory of alloy design for oxidation resistance and methods of eval­
uating oxidation behavior.

a 
a

CXIM-1721* 
Datot Nay 20, 1959

* For several reasons, studios of oxidation reaistanoe have far outstripped other 
related fields of Interest. Early In their programe, worker* In aeveral laboratories 
earn to the conclusion that lack of oxidation resistance was the greatest single det­
riment to the rune riel exploitation of colimdhlurn, hence the bulk of early work uaa 
concerned with alloying to improve oxidation characteristics. Comparatively brittle 
—terlal could be uaod, while the pure, more ductile product could bo oanaervod for 
mechanical and physical —tellurgy considerations. Also, oxidation or r—tr»r* testa 
are comparatively rapid and inexpensive, involve only modest equipment, and small 
test specimens, and can be carried out ata a* ~ <met material with a mini man of person­
nel, thus bypassing many economic difficulties. Several of the more advanced ally 
program are now desperately trying to aiippl ament, their extensive oxidation data 
with smiting and mechanical. metallurgy information. From a statistical —theamtica 
viewpoint, however, it nay be argued that the surface has hardly been scratched as 
yet, even for the case of oxidation determination*, since roughly a third of ths 
periodic table la available for allaying studies. The amber of possible alloy 
permutations and cooblnetion* is large, oven without considering the fact that a 
large number of compositions in any specific ternary, quaternary, or more compli­
cated system may have to bo considered before truly optimum allays ar* developed. 
Of course, one of the chief concerns of met allwgia* 1 re—arch markers is to immure 
that alley design program* do not degenerate into complicated statistical exercieos.
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The prob lea at building a considerable measure of oxidation resistance Into —1—w— 
by alloying has boon attacked by numerous investigators as the latter portions of 
this ■nnnwtai will show. Both fundammtal and empirical methods haw been and 
and promising results haw been obtainod. Progress In ths engineering sense Is con­
siderably hampered by the fact that approaches to allay design for obtaining oxidetior 
realatance are not identical to those for seeking iagsroved elevated tg^pamtw ee- 
chanical strength, rtenreasod ductile-brittle transition temperstere, improved worfc- 
abillty, etc. In sussaary, the preh lea of alloying r uTiadhiea to produce a desire.! 
coabimtion of properties will bo one of cougurcmKise: the contribution of the Indi­
vidual ingredients towards the various properties suet be dstendned by theoretical 
considerations, by evaluation methods, and by inference from published data. Colua- 
bioa base alloys combining a nndwr of desirable properties will undoubtedly be 
rather uwplacx. logical alloy development requires that conoids ration be given not 
only to strengthening and stabilising additives, but also to natal additions designed 
to inprove fabrics bill ty and to promote the solubility of other i^rodlenta.

Space restrictions severely Halt detailed discussions of the theoretical approa het 
to alloy design for increased oxidation resistancei excallm * 
have recently been prepared by Kubaschrweki and Hopkins'H, 
proceed logically, It la necessary to haw const dsrablo inf. 
oxidation characteristics of the pure base mat~l (coIukqIm).
not all of this type of Information is □oatainad in previously polished 
and some of It is included in this report. Kubaschswsid and Hopkins'*'I 
fled the high temperature oxide (rnluabiua pentoxide - CbyOS) as a metal eveeea, 
type ooud iniiwhicitur, while Klopp, Nayirath, Sime and Jaffee*31 
nay bo a metal arrows semi nanductor, or an anion deficit semi r cinductor.

Several poxnts concerning the appendix tables should be discussed. Unless 
■•-irtod compositions are •nominal" - that la, the wight percentage of the eterge 
Defers salting. There nay bo great differences between nominal and actual compo­
sitions, particularly for the case of those alloys containing constituents with r»l- 
atively low boiling points or relatively high vapor pressures as compared to ti» 
columbium base (aluminum, chromd.ua, berylllmu, manganese, etc). Actual analyses are 
generally not doterminod unices something reasonably promisiig is developed, thus 
imposing only a mini ami load on analytical chemistry laboratories (an exception to 
this stat ament, for the ease of coluaolum, would possibly be dctsrmixmtions of inter­
stitial content). Much data has been accumulated on specimens machined from as-cast 
buttons or bars which wre not given a vacuum or inert atmosphere homogenisation hast 
treatment prior to testing: gross Inhomogeneity would bo expected to greatly effect 
oxidation behavior. It should also be kept in mind that certain variations in «xl- 
datiom test results should bo expected, since data will bs aumouhat influenced ky 
nail differences In surface rringhnees and cleanliness, the oxygon partial presoxrw 
of the medium used in testing, the velocity and humidity of the awl di el ng amdivm 
the time length of exposure, the degree of contamination as regards BOj, COj, etc.

CMIM- 1721* 
□ate: Nay 20, 1959
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cation lattice with a consequent effect on anion defect density, and, for this 
reason, the oxygen diffusion rata. A loo iwpoortaut, in addition to valence, la the 
ionic also effect! eolation of —Iler lone would bo expected to decrease the 
lattice parentiters of ooluabim pentoxide which, in turn, adlgnt ba expected to de­
crease the natal to oxide volum ratio and allow a thicker fils to fora before 
cracking occurs, resulting In in eras sad protection. The Uagnar theory has bean 
proven applicable for net ala other than colud»iua. Unfortunately, baaed on thia 
experience, there is little encourage—rt that Isprcvewents in oxidation resistance 
of wore than one or two orders of aagnituds can bo expected even if the approach 
la successfully pursued for colwribimu

CWLM-172U
Detox May 20, 19$?

Another approach, the second of the three listed, la the selection of an alloylx* 
olewent designed to participate in the fomatlon of an vdditlve-mtal oxide Mie 
in which the coluwbim ion concentration would be consistent with the rsquimnent 
£er a single phase structure. For coliwdiliM, the practicability of thia approach 
la doubtful alnee there are feu octal lie el ornate cuffleioEtly reactive to function 
in the prescribed wanner at concentration levels that are realistic In terns of 
mnhanirwl and fabrication properties of the resultant alloys. It la desirable 
that the diffusion rate within the protective oxide file bo low. A qualitative 
neasure of the diffusion rate la available through detcrwlmtlon of electrical 
conductivity, to a rough approxlmtion, bulk diffusion rate am electrical con­
ductivity vary directly with one another. The defect vacancies in the co—send 
could, of course, bo filled by further wetal allay additions at the ternary or 
■ere ecsgplax level.

In the range beyond the solubility liadt of ths alloying -iTwente in oolmtoiuw pen­
toxide, now —pounds most be fared. Th— my consist of wixad simile m-Hr-, 
spinels and other oxide rneg)levee, or discrete oxide layers of the base and alloyim 
■etale. For the cam of two sisultanoous eiwpla oxides, the wore stable of the two 
should grew adjacent to the satai surface, and preferably should bo one in which 
bulk diffusion rates are particularly low. Ferhapw a wost prrwlwins attack on the 

1* th® sxporlmntal addition of several allaying elewerrts to co Inflow 
capable in cost 1 nation with each other or in conjunction with colmbim of fondig 
coaplax oxide compounds, preferably spinels, when exposed st elevated teegperatureo. 
Characteristically, oxygen diffusion occurs at significantly loser rates in epi mis 
than in their constituent oxides • Oxidation rate reduct lore weasurwd 1 n several 
orders of aagnituds have been achieved by thia wet hod. Further Ixp-owmrU are 
then possible by the Incorporation of additional alloyim ingredients designed to 
affect the defect structure of the corplsx oxide such as baa been aoccmaliahod for 
the him of nichrono by editing a fractional percentage of caldun or almdnmi the 
oxidation ruts at 1200®C — decreased by a factor of two.

**• admitted that there are other possibilities tint are not covered by Us 
previously motioned three cases. Oxidation protection by wt-^t of coatings of 
°°® *7P® ®r another affords a coat practical solution to away problem, coating®

1 research is active at several laboratories. The situation is considerably improved 
1 ** coatings can be successfully applied to alloys which in thanas Ives possess su-III
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If an oxide salts or volatilise* at a temperature lower than Ust of interest, the 
degree of protection afforded will generally be poor. The molecular voluns of the 
oospoond or ocegxrands in the oxidation layer deserves special attention because, 
where it differ* oondderably from that of th* alley, th* layer formed is likely 
to be either porous or highly oospressed to the detriment of its protective nature. 
Ccepoaition* which when oxidised yield Males differing greatly in tharwal expansion 
coefficient free the base net al any offer a high level of perforeanoo during static 
exposure but have little utility under cyclic heating conditions due to a tendency 
for spelling of th* protective oxide fl la. Adjust nan t in th* expansivity of oxide 
files is possible by further alloying of the base natal but the effect nay be adverse 
in other areas of concern such as oxygen diffusion ret*.

CWLM-17214
Dates May 20, 1959

The objective of this sectian of the ■aaorandw is to briefly review the methods 
different investigators have used to evaluate the oxidation characteristics of 
mliMb1.es base alloy*. Cosgarehensiv* general roviewe on th* subject have recently 
boon prepared by Iuba*chewaidL and Hopkins(*), Carl Wagner <12), and H. Inouye'I3\ 
In order to follow the rate of a ehaaleal reaction, one nay dstersine either the 
amount of the reaction product, or the decrease of ease or voluae of ana of the 
reactants. Bach of ths possibilities has been used practically with eoa* advantage 
eioce the regiilrManta vary considerably. To obtain a clear eut relation between 
oxidation rat* and tiaa, on* would prefer methods which perwit following a reaction 
continuously a* that the progress of a reaction during a certain period is obtained 
with only one natal sample and incidental diffswnca* of aaapla* are elininatod, 
Since reaction products are formed during the oxidation procase, on* of the most 
bb— approaches to the problem of lasasuremscrt involve* the weight change of an 
exposed saag>le. There are at least three method*, a* follows1

would not then bo expected to result from coatl/gs defect* or local failure*. Though 
rewrite, It west be iwesiWMil that alloying offers the possibility of stabilisli* CbO 
or CbOg at high tempe ret lire* as a subacai* under th* pentoxide. A retained mouaxid* 
layer in particular would be expected to ccnsidarably improve oxidation character­
istic*.

Included in Tabl* A-4i are list* of oxide properties of general interest, such as 
valence, Goldaclnidt atomic radius, malting point or temperature of tranafonetiou, 
electrical ooednctivlty at 20^C, and oxi da molecular volume. Table 1—5, prepared 
by B. C. Krutenat, gives a listing of many known spinels of possible interest for 
the case of coliMbims allaying. Although the purpose of this report is not to 
interpret data, it would not be an overly difficult- task to explain th* choice of 
■■ay constituent* used by various investigator* in their experimental alloy design 
program* by Maa* of th* information contained in Table* 1-3, A-i, and 1-51

mliMb1.es
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The metal specimen la weighed, exposed to a hot oxidising atmosplmre 
^or • P*~*detai-Gained period of Mam, cooled, and descaled by amchanleal 
or cheerteal Means. Sometimes the reamed scale will be chemically 
analysed. The loss of weight after <te« callng may be determined, and 
the result reported as an average value of weight loss. Objections 
to the prooess Include the fact that It la cumbersome and does not 
allow a continuous monitoring of the reaction for rate studies. Com­
plete removal of the scale without affecting the underlying natal la 
practically Impossible in moot cases.

The natal specimen can be carefully weighed, placed in the hot sone of 
* tor * certain length of tine, removed from the furnace, and
rowelghed after cooling. The process can be repeated a number of tinea 
for suitable tinea at temperature. When only ow exposure Is made, 
data may be reported as an average value of weight gainj unfortunately, 
for abort exposures of a few hours, this type of teat does not tell 
the invostlgator if linear (non-protact.tve) or parabolic (protective) 
weight gain-time relations prevailed. The extra handling involved in 
sultiple exposures presents the possibility of contamination and loss 
of reaction products, especially if the oxide scale is stressed and 
spalls on thermal cycling. In the event of spalling, a new, fresh 
surface is exposed to the oxidising medium upon subsequent treatments 
in the furnace and the rate law will be complicated, the data actually 
representing a aeries of different rates.

The test specimen may bo suspended in a hot vertical tube furmoo from 
an inert wire connected to a suitable talanee beam and continuous read Inge of the weight change can be taken or recorded without iimviTlnj, the 
specimen from the hot sone. The methoc is ideal for hate law determi­
nations and alloy screening programs, and it la generally reread that 
this la probably the most meaningful single type of tost. Unfortumtaly.. 
although maximun benefit to the indivlcual research team my result from 
use of this type of test, the reporting of data presents a problem 
When possible, mathamaticaU. formulatiors representing the weight gain— 
tins relations may be presented, after, average weight gain la reported, 
or total weight gain in a specified tian period may bo substituted - oas 
being a multiple of the other. Finally, the weight gain rate during a 
specified portion of the exposure pericd may be Indicated; unfortunately, 
In the ease of work done in other laboratories thia is often not suffi­
ciently informative.

CMIM-172b 
Debet May 20, 195?

Maaoirremauta of internal oxidation doe to oxyger diffusion thrawgh the oxide arsis 
and into the base metal are also of importance, particularly sinco a severe «- 
brittl 1 ng effect may result. Microhardness tectnlouea involving a traverse aw 
generally used, although met al 1 ^graphic techniqt es may be applicable in certain
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where Ra i» tb« atomic fraction of oxygen in solution.
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If the rata of recession of the octal surface approaches or equals the rata of oxygen 
diffusion in the base metal, measurements of the depth of contamination aa the basis 
for oxidation resistance dll load to the erroneous conclusion that the alloy resists 
oxygen contamination. On the other hand, if ths rate of recession of the metal sur­
face is low, a somewhat similar erroneous conclusion can bo reached if the diffusion 
of oxygen into the metal is ignored or not known. k most realistic evaluation of 
the oxidation resistance of alloys, therefore, should be baaed on the sun of internal, 
corrtamrt nation and the recession of the metal surface, and should Include continuous 
wight gain measurements. Because most of the investigations conducted to data have 
not included composite data on the weight gain, oxygen penetration and metal surface 
recession for each allay, it la difficult to accurately access their resistance to 
oxidation in relation to other alloys due to the fact that materials exhibit both 
internal oxidation and ana 11 ng. The absence of detailed studies is a natural conse­
quence of the screening nature of the bulk of present research.

I

TEE OXIDATION OF PORK COLUMBIUM

lattice parameter data for columbiun-oxygen solid solution, as given by SeybolV ’ 
yields the aquation:

I

Soybortalso determined that oxygen has a considerable hardening effect on co­
lumbium, Vlckeru Hardness Numbers increasing from about 160 at 0.1 w/o o^rgen to

ClfIM-172h
Dets: Kay 20, 1959

In order to evaluate the present status of the oxidation resistance of columbium 
alloys, it is necessary to eonxidar their merits in light of the oxidation character­
istics of the "pure" metals From cursory x-ray work, 0. Brauer'1**' estimated the 
extant of the columbium primary solid solution with oxygen to be less than 1*.76 a/o 
(0.86 w/o). _A more detailed roentgenograph!c and microscopic analysis carried out 
by Seyteolt'15' in the temperature range from 775 to 110O°C (11*27 to 2012°F) indicated 
that the oxygen solid solubility at the lower temperature was 1.1* a/o (0.25 w/o) and 
5.5 a/o (1.0 w/o) at the higher temperature. Soybolt's data may be expressed by the 
relationship

350 at 0.71* w/o oxygen.

The oxides of colwdbivm have been studied by Rrauar^-^*) and P-erNer*~van\ Three 
stable columbium oxides have been reported - CbO, CbO2 and CbjOj. The monoxide has 
no extensive homogeneity range and possesses a cubic structure with a • U-211 k° 
and six atoms per unit cell (NaCl lattice with ordered vacancies) • CbC>2 has no homo­
geneity range of measurable extent. Powder diagrams' "*»10 / showed lines in addition 
to the expected rutile diagram, and it is assumed that the lattice is not quite the
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■nos aa that at ratila: tbs ptruaUrt of the ratils typi of structure as reported 
by Goldschmidt, Zachariasen, at. al. '19' are: a • AV, c - 2.99 AU, and
c/a • 0.618

For the pentoxide, Brauerhas reported throe aodificatlonss the "T" form stable 
to 900®C (1652®F), the "M” form stab-e from 1000 to HOO’C (1832 to 2O12°F), and the 
"H" ftable above 1100°C (2012°F). The existence of these forme has been cod- 
fi_medl'2O>, although the temperature range at stability was questioned. The oxidea 
were not found to bo appreciably volatile at temperature a from 1000 to 1375°C (1832 
to 2507®y). The oentoxids baa a negative coefficient of thermal expansion between 
room temperature and 600°C (U12°F), above which it beooeee positive1'21 }a The ob­
servation that conductivity increases with decreasing oxygen pressure has been 
interpreted'^ ’ aa indicating ths presence of interstitial natal Iona or oxygen ion 
holes in the CbjO^ lattice, X-ray patterns of the pentoxide ("I," form) were iso­
morphous with TajjOgSravar also reported that the pentoxide welts at Jj*6o ± 
$°C (2660 t 9®F) and that the homogeneity range extends down to CbjO^^g. Zachariases1 J 
bas also found CbjOg (unknown fora) to be isomorphous with TajOg. The crystal struc­
ture was peeudohaxagonal orthorhombic, and cell dimsnaio is were reported aa a-» 
6.16 t 0,03 AU, ap - 3.65 ± 0.02 AH, and ai - 3-91 * 0.02 AU with the metal 
at (0,0,0) and (1/2, 1/2, 0). The sacculated density was 1*..?5 g/cc.

Oulbransen and Andrew^2) initially studied ths reaction of columbium with a pure 
oxygen atmosphere at a pressure of 76 mm Bg (0.1 atanspherms) in tho temperature 
range from 250 to 375°C (U82 to 7O7°F) A semi sene font weighing method, utilising 
a microbalance, was employed Under the stated conditions of testing, columbium 
formed a protective film and oxidised by a parabolic rate law for periods up to 
six hours - the maxinum length of test- Mo evidence was found for a transition in 
the rata of oxidation,, In order to calculate thlcknesp, the film urns assumed to 
consist of CbO, but the assumption has been questioned'I'. The activation energy 
for the para bo 11 c reaction ins calculated to be 22,800 calories per gram mole. la 
more recent publications' 23,2u) the authors reported results obtained in the tmsper- 
ature range from 375 to 7OO°C (707 tc 1292°F). In all eases at or above l*OO°t 
(752°F) a transition from an initial parabolic rate to a final linear weight gain- 
time relation was observed 1 in general, the tine to the transition :------- f with
increasing teaqperature. The transition, took place at a reals thickness correspond­
ing to a weight gain of about 50 eg/cm2. In ths rang, from 500 to 625<»C (932 to 
Ut>7°F) the linear rate of oxidation was practically independent of tompTsturr, 
while from 625 to 7OO°C (1157 to 1292°F) the linear rate Increased with Incraasing 
temperature. At the higher tesqjoi sturaa, the initial pe-.*udoparabolic behavior 
lasted for only a few mtnotes. Cathcart, Campbell, and Smith'25' ,1^, •homed that 
the reaction of columbium with oxygen st 5O0°C (932°F) consisted of an Initially 
parabolic reaction which, after a certain tenperature dependaot period, changeo to 
a linear rate. It la postulated that at thio point the reaction raverted to linearity 
because the rate controlling step because one of diffusive exchange through a constant 
thickness, iaperf orate r saw nt of the initial oxide film The theories of Cathcart, 
Campbell and Smith differ from those of Wbbb, Marten, and Wagner'^6) M whether
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breakdown of the protective film occurs simultaneously with its growth or step-wise 
after a- certain critical thickness has been reached.

Activation energies were 13,h00 calories per mole in the temperature r; from 600 to 9 * 
(1652 to 2192' 
with the change in form of columbium pentoxide at 90CPc (1652°F). X-ray techniques 
identified all oxide scales as one or non of ths Cb2O£ modifications.

CNM-1721*
Date: May 20, 1959

The rates of reaction for columbium In wet and dry air in the range of hCO to 1200°C (752 to 2192°F) has been measured by Inouye^ 2o»2°3 who used continuous weighing 
methods. A transition frou parabolic to linear behavior after 21 hours at bOO°C 
(752°f) was reported) linear reaction curves were obtained in the temperature range 
from 600 to 12O0°C (1112 to 2192°F). The effect of moisture varied at different 
temperatures, increasing the rate of reaction at hOO°C (752°F), decreasing the rate 
at 6OO°C (1U2°F), and having little effect at 800°C (1L72°F) or above. At higher 
temperatures, rod specimens exhibited faster oxidation rates than did sheet speci­
mens. Activation energies were 13,h00 calories pec’ mole in the temperature range °C (1112 to 1652°F) and U,35O calories per mole from 900 to 1200°C 

). The transition in activation energy was thought to be associated 
O (1652°F).

Battelle Memorial Institute data on unalloyed columbium have been presented in two bound reports ^3, ) ana one Geneva Conference Paper < 30 \ Columbium was found to
oxidise in a linear manner whan exposed to oxygen at one atmosphere pressure in the 
temperature range from 600 to 12O0°C (1112 to 219?°F) „ From 600 to IIOCPC (1112 to 
2O12°F) the activation energy was determined as being 5,1*10 calories per mole while 
the reaction proceeded more rapidly above X100°C (2012°F). The reaction was exo­
thermic at 1UOO°C (2552°F). Ths scales consisted of a very thin adherent layer of 
oriented CbjOq containing traces of CbO, and a porcua outer layer of Cb^Oj;. Ths 
rate determining reaction was suggested to be diffusion of oxygen ions through the 
adherent, oxygon-deficient CbgOg. The reaction between columbium and undried air 
proceeded at a linear rate, although more slowly than the reaction of colwdDium 
with pure oxygen. The heat of activation for air oxidation was 10,100 calories per 
mole in the range 600 to 12O0°C (1112 to 2192°F).

.. 2

At temperatures in excess of 900°F, the embrittlement of the base metal by contami­
nation with oxygen becomes a problem as serious as the scaling of the metal, since 
Its effect In terms of the thickness of the metal affected can exceed the thickness 
of metal lost due to scale formation. For example, after 5 hours at 1OOO°C (1832°P) 
the metal Is hardened to a depth of at least 50 mils cospared with about 30—UO alls 
cf metal lost by conversion to oxide.

The reaction of columbium in a pure oxygen atmosphere at pressures from 12*. 7 to 
605 pale in the temperature range from h00 to 800°C (752 to 1U72°F) has been studied by Bridges and Fassell'2 Nearly six hours were required before the oxidation rate 
be earns linear at l*00°C (752°F) and a pressure of one atmosphere. The temperature 
dependence of ths rate of oxidation showed a reversal in sign between 550 and 65O°C 
(1022 and 12O2°F). In this temperature region, the rate of oxidation was very sensi­
tive to pressure.
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Before proceeding to a discussion of results obtained with alloy .specimens, a moat 
interesting type of behavior noted for coated pure coluabiwu will ba treated. A 
one-quarter inch diameter columbium rod which had been coated with O„O8 inches of 
IM-5 (proprietary Unde Mo-Si-Cr-B-Al) was exposed in air for about 1000 hours at 
1150°C (2102°F). Sometime during the test a thin fissure opened up in the coating, 
and oxidation of the underlying columbium took pla<ie. Since all of the oxidation 
products were co istrained by the surrounding unoxiiliaod columbiwa, thermodynamically 
stable reaction products of pure columbium in air developed to a ranch thicker extent 
than would nonBally occur. The small inclusion which thus formed revealed, under 
petrographic examination, at least five distinct phases, Precision x—ray examination 
confirmed the presence of R-Cb^Og, ObgN, CbC2? CbN, and two other phases which cannot 
be identified. The results are moat interesting s^nce the usual products of the oxi­
dation reaction include only various fores of colunblum pentoxide.

CNIM-172L
Dates May 20, 1959

A comparatively large number of columbium base alloy samples have been evaluated by 
oxidation tests. In general, continuous weight gain data has been obtained by ths 
use of recording analytical balances. The vast majority of tests have been made in 
a pure oxygen atmosphere. In order to allow the rapid preparation of test speoimsna, 
most oxidation test pieces have been machined from as-cast material melted several 
tines with a tungsten electrode under a stagnant argon atmosphere in a button type 
furnace. Proprietary columbium has been used for .*11 experimentation. Oxidation 
tests were usually of about 22 hours duration, except for pure columbium and those 
alloys which oxidised in a very rapid wanner. Sime linear, logarithmic, parabolic, 
cubic, quartic and complex weight gain-time behavior has been noted, a direct com­
parison of rate constants was considered as misleading. In all applicable tabjLes, 
alloys have been rated by cohering the total weight gain par unit area (mg/' 
100 hours, thus involving the use of projected values. In order to extrapolate, a 
straight line was fitted to the last five to lien hours of ths recorded weight gala­
ties curves, and the intercept and slope of the line was noted. The value of 1OO- hour weight gain (ng/ce^/100 hours) was then calculated from the straight line 
formula.

columbium and columbium 
hasa alloys was initiated almost three years ago in ths Metals Research Laboratories 
of the Union Carbide Metals Company (formerly Electro Metallurgical Co^any) and was 
preceded by a considerable amount of process metallurgy research. For ths last ten 
months, half of the program has beenunder CAMEL sponsorship, and results have been given In monthly progress reports(31) and periodic bound reports(3<»33). Personnel 
at Niagara Falls have also made available considerable data obtained prior to the 
initiation of CAMEL sponsorship.
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bean tested at each of ths three usual temperatures, 
and 30 w/o Ta, linear oxidation rates wore recorded, 
were almost equally effective in decreasing the oxidation rate at 1000 and 1200°C (1832 and 2192°F) to a level of about 6000 to 8000 mg/ca2 for 100 hour exposure, 
but increased the rate at 800°C (U:72°F) as compared to pure colunbium. The 30 w/o 
Ta alloy was more oxidation reslstrjat at 21?2°F (120O°C) than the preceding two 
examples, but was prone to apallint, at 1832°F and inferior to pure columbium at 
U*72°F. A binary with 7.0 w/o varu.diux exhibited a parabolic rate constant of 
3.82 x IO"? mg2/ car*/min, and a 15.1 w/o V alloy also exhibited parabolic behavior, 
although there was evidence of the formation of a molten oxide in the latter case. 
Cb-W binaries in the 20 to U0 w/o W range spalled to such an extent that weight 
gain determinations were impossible. Alloys containing up to about 10 w/o Zr 
exhibited characteristics somewhat similar to those shown by pure columbium; near 
the 50 w/o Zr level a considerable improvement in oxidation resistance is gained, 
the rate remaining linear.

Mr. U M. n»rxng

Work was initiated at the binary level, but was soon expanded to more complex alloy 
systems as considerable binary data began to appear in the published literature. 
As Table B-l indicates, the majority of tests involving two component alloys were performed at one temperature only - 800°C (lh72°F). Several alloys, including those 
with Be (1.1 w/o), Ce (0.5, 1.0, 5>0 w/o), Si (3.0 w/o), Th (1.0, 21.0 w/o) and T 
(5.0 w/o) exhibited linear orient!m rates greater than that for puro columbium 
A binary alloy nt ng 2.0 w/o oopper exhibited linear behavior similar to that
of unalloyed columbium. Five alumtnuu binaries also gave linear oxidation rates, 
but the rate decreased considerablr with increasing aluminum content. Cobalt alloys 
at the 1.0, 5.0, and 10.0 w/o levels exhibited behavior characteristics somewhat 
aiwi lar to the case of aluminum, although the improrv vmnnt with increasing alloy 
content was not so great. Chromic.# alloy a at the 5.8 and 15.0 w/o Cr levels in­
itially exhibited parabolic behavior, but reversion to a linear rate law took place after only two hours of exposure. The CbCr2 intermetallic compound (52.8 w/o Cr) 
also demonstrated linear weight—gain behavior with respect to time, but the rate 
was about three orders of magnitude lees than for the case of pure columbium. A 
binary containing 25.6 w/o Mo also exhibited pseudo-parabolic behavior, but there 
was a weight loss after only two hiura of exposure indicating the volatilisation 
of M0O3. Ferooimsl of the Metals liesearch laboratories generally regart- alloys 
rnnt,1ni ng molybdenum as undesirable because of high oxidation rates accompanied 
by medium to severe volatilisation (this opinion is not shared by many workers, as 
it appears that the behavior depends to a great oxtent on the concentration of 
molybdsnun considered). Since weight-loss due to volatilisation is substantially 
greater at higher temperatures, tho weight gain for a given time, such as 100 hours 
at 1200°C (2192°F) will often be less than that measured at lower temperatures. 
All Cb-lti binaries through 20 w/o li exhibited linear oxidation rates, but ths rate 
decreased with increasing nickel content. Tin, at the 2.0 w/o level, resulted in 
a linear oxidation rate, and excessive spalling occurred.
Although not indicated in Table B-l, several binary alleys containing tantalum have 

For alloys eonta! nl ng 5, 10, 
The 5 and 10 w/o Ta additions 

were almost equally effective in decreasing the oxidation (1832 and 2192°F) to a level of about 6000 to 8000 mg/cm2
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In addition to the data contained in Table B-l, Cb-Ti. Cb-Fe, and Cb-Ti-Fe alloys 
have also been the subject of a special inrvestigaticnv32). Chemical analysis was 
used to determine the composition of the oxides, and it ma found t»mt there was no 
preferential oxidation of the different el t—nt a in the alloys. Titanium alloys in 
the 10.0 to 25.6 w/o Ti range gave parabolic rate Is* behavior. The complex oxide 
TIOj’CbjOg, which is comparatively stable, was found to predominate in the outer 
oxidation layer, and when the composition of the base alley was in the ratio of two 
atoms of columbium to one of titanium (20.5 w/o Tl) a etwt—m rate of oxidation was 
found to occur for the alloy system. Behavior essentially equivalent to that for 
the titanlnm rmrtlining alloys was found in Cb-Fe binaries, the coaplax oxide 
FeO’CbjOS being here applicable (winlmcm oxidation rate at 23.1 w/o Fe). A very- 
hard sone in the metal adjacent to the oxide was double refracting, and was haUawed 
to be an oxygen contaminated region. Information concerning the -hen* r-1 oe^poaltloc 
of oxide filns formed on selected Cb-Ti, Cb-Fe, and Cb-Ti-Fe alloys is contain»d in 
Tabla B-2.

In the Introductory section of thia memorandum it was pointed out that most listed 
compositions are "nomine I" compositions: ths analysis of the charge material before 
salting. Chargee containing as much as 15 w/o Mn have resulted in a recovery of as 
little as 0.01 w/o Mn at the button stage, the remainder of the wy'wr bavir« 
been volatilised during arc melting. A considerable softening of the colmdiiuB 
results. Apparently one affect of the manganese addition is to promote the expected 
carbon monoxide boil and thereby to reduce both carbon and oxygen) another is to 
alter the distribution pattern of poredpitates. The maxima effect wold be ex­
pected when a careful stair hi omatrlc balance exIota between ths carbon and oxygen 
contents of the manganese and the columbium being treated. A similar metal loss 
and softening effect should bo expected for the ease of cerium or thorium additions, 
■“d perhaps for beryllium additions as well. Ths effect of cerlun additions oar 
the reduction of retained oxygen has been treated in the published literature^-**),.

As !■ the case throughout this memorandum, all alloys more coeqplicated than binaries 
have been considered as ternaries and their metallurgical modifications. Co^lioaticas 
exist even for this type of classification, however, since a quaternary alloy may be 
thought of as a modification of several different basic ternary systems. The oxi­
dation test results listed in Tables B-3 through B-7 indicate that at least one spe­
cific ternary composition in each of 18 different ternary systems have been considered.

Ten different systems and a few advanced modifications am listed in Table B-3, which 
is entitled "Miscellaneous Ternary Systems and Modifications." In addition, screening 
tests wre accomplished on sasples in the Cb-Cr-Sl system. Alloys with a nominal 
coo'posltian of Cb—6Cr—3S1 and Cb-12Cr—351 whan exposed to pure oxygen at U*T2°T’ (800°C) 
wuffared such extreme spalling that the determination of actual rata constants was 
impossible. With one exception, alloys in ths Cb-Al-Si system were characterised by 
linear oxidation rates of a most unpromising nature: the alloy containing the argaai 

*•****» Cb-lOA 1-551, exhibited a parabolic rate constant of 
1.U7 x 1O~° g*/cm**Ad_n. for the first four hours of exposure after which a Hrww 
rate of 1.95 x 1O“> g/cmz/min. became operative. With the exception of those allow 
listed near the end of Table B-3, work on the other basic ternary systems has been 
tarminateu in favor of mom promising systems.
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; air, howrrer, the rata of 
!/hr for 1S32**F (100C®c; ex- 

After several hours in the flowing air ataospbarw, spalling 
“ " *' l. The

Work on colwwMwo high airconlua alloys la a cooperatively new dcvwlopnent apparently 
initiated as a result of exploratory research dene at Ohio State Oolvwrsity. In the 
last two month period work on ths eyetea has boon curtailed In favor of sore prind ~1 w 
foreulations from an overall viewpoint, but ths system is still regarded aa very 
uronicing with oxidation behavior as a pries oenalderetlon. Many of the high air- 
eonluw alloys suffer free an vsmeal spalling reaction at 80C^C (1U72°F) which appears 
to be associated with the ignition and sparking of the exfoliating material. To do- 
tarwlno if behavior would bo different in an air atmosphere, as colored to the flow­
ing oxygen at ensphere ordinarily used, an oxidation test of an 38Cb-4*OXr-15Ti-5>Al-2T 
alloy was carried out in static air and the weight gain rate wo found to bo ineli­
gible. When the oxidising sodtue was changed to flow! 
weight gain changed to 0.1*1*2 as ooegarod to 0.596 ng/< 
posure in pure oxygen, j* “ *  
began to recur, but no severe ezotharelo reaction or sparking was observed. The 
tendency to sparking and exfoliation during the 300°C (U»72°F) oxidation of Cb-Zr-Tl 
base allays can be partially reduced by lowering the airecoixm and tltanlwn levels 
to 30 and 10 w/o, respectively. It was concluded that In ths bade ternary gyi tes^ 
wart sea oxidation resistance in pure oxygen atmospheres could bo obtained at the 
6OCb-3OZr- LOT! level. Couplets olladlnatiae of the spalllj^ reaction la achieved 
with the addition of a I mol i i an plus tin, or aluaintm plus vanadlvmt Al-Sn-Y ooabi- 
nations, er additions of 11 only, ware found to be ineffective. In alloy with a 
nwrinal ecsRpoeltlau of l*8Cb-35Zr -1OT1-5A1-2T exhibited the fonmtlan of a liquid 
phase whan att ■opts were wads to haoaoer forge a button at 126cPc (2336®F), altho^h 
It bee been establiehod by other tests that welting of the alloy begins et about 
183O°C (3326°F) and is completed at about 1990°C (J61h®*). It would appear that 
during fabrication that sone type of reaction nest have occurred while heating the 
forcing* wttlch produced a low welting point phase, possibly in the grain bomudarlae.

The high strength 85Cb-5Zr-10W and 92Cb-5lr-3Cr alloys whose Til 71 net a tonsils 
strengths at 1200®C (2192°T) approach the 1*5,000 pel range have been found to bo 
prone to spelling at 2J*72°F (SOCPC) and earn reactive at 1000°C (1832°F) than pure 
colunbiun Additions of titadun and vanadlvm to the basic ternary cowpoaitiana 
have been effective both In preventing spall 1ng and in greatly increasing oxidation 
resistance, but it Is postulated that strength properties have been considerably re­
duced. Work on the two systems is currently quite active at Niagara Falls.

Table B-4 entitled ■Alloys Containing Cb, Ti, Al and/or ¥» is primarily concerned 
with Cb-Al-T, Gb—Ti-Al, and Cb-Ti-V ternaries and the composite quaternary. At the 
present tine a considerable nomt of work la being accomplished with these basic 
systems, and it Is expected that the data will bo supplemented in ths near future. 
It will be noted that oxidation resistance deteriorates when vanediua levels in 
excess of five weight percent are considered, undoubtedly due to the formation and 
loss of liquid ecetplex vanadiwe oxides. Many if not all of the compositlcne listed 
in Table H-l* are characterised by parabolic oxidation rates. Analysis of data for 
the Cb-Al—▼ cyst am indicated that naxtuus oxidation resistance was ford in the 
range of 3 to 5 w/o Al and 3 to 5 w/o The preferred crepoclticns contain equal
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T»*>1« B-4*. Xtlla worlr on tte basic Cb-Ti-Cr and Cb-dr-Al 
antlraly dropped, it has been considerably ci * *“ * 
hl bi tad a parabolic rate constant of 1.51 » - ,
f?£!5Lf’‘o"J*pa1111* "toich t*®“ •**«' T5O tenvteo f 
(8OO®C) and tecaae critical after 1275 tenure at te^emterw. ’ " ------

Cb-T1^r-AX-’ systea listed alcn« teth a neater of eodlf1 cations In 
IteiJl^aLr^Z , initially lavestl«ated alaoet tec year. a<o. It tea teen 

utebar of tinea in an effort to increase aoctenical strew th ate 
wt*J* ratalnlac * M«b yrter of oxidation resistance. HodlficatiAte 

®°* b??0 particularly succeaaful la obtelnlw wctenioel nterl sj coals A 
spadflc alloy in this quinary 1. one of tie teZeoZnte
proprietary eoatlag for coluebiw base alloy a. The ZZZtr^ZXt sodlf iStlcZZ^l^ 
tetiZ^TL °LdA°P/li< titanlM content to 10 w/o and tte cixrvaitni content tZ 

8 w/°’ **• frai that t-h~• «•« only BlAabtly^Srote-
-at.°n resistant than Cb-Al-V ternaries and infarler to Cb-Ti-Al-T^ee^er-neri..

Z2?. ^r23T\~35Cr-5'91 aruV Hated la Table B-5 is actualV one developed by a con- 
pet 1 terr laboratory, as la the Cb4*0Tl-5Cr-13ro-5Si cowoeltlon w< < ^ht .iZ 
Z^eSLZ^oZfoSlSr,SZ*lSTZ®^’^iS’’ exhlifJid eonslter-
of thsMJb^r « 16 3 C*: Fabrication wes iapossibla prlMrlly boeauee

M, and7or Fa content, ted ch rwulUc in tte fornattonorixoepZ 
tionally brittle Interaetalllc cespoends —«« «•

ti,*ir “2SrH°“ — i» m>i» m." axAayinf addltloa tea oeen eaoentlally ellninatad fm------ -  ---------- ..

--
aAiZef**** **■ I®*"®" tenperatarea Is characteristic of Cb-Ta-W tearln* 

additions to tte Cb-Ta-*r hZZZ —Z7rtf5 ^ocurred above U72®F. XI, M. and To 
an~Z.Zl>2Z ZkZ CT ***• a1*3 ^«^ted in alleys that spalled at U7Z*’. it app-are that tte spallixet reaction caa be •«.<«!» ----  - -_ . 7
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Tte majority of information ooncsrmlQg the oxidation testing program carried out by 
duFont personnel la contained In three recently granted United States Patents135,3©»37 \ 
The first of theee'35) £, primarily concerned with an exploitation of the basic 
Cb-Tl-Al ternary system. Button compacts aero melted into wall ingots under au 
inert atmosphere using a tboriated tungsten electro ds. A weighed saaple of an alloy, 
in a porcelain crucible slotted to insure adequate seamen of air to the ii^ot, was 
placed in a •Globar" furnace and exposed for 16 hoars at 1832*7 (lOOCPC) to aa air

arm- 172U 
Dutet Nay 20, 1959

Ccmpara lively good oxidation resistance, aa detandnsd by continuous weight gain 
testa, may bo achieved in ths Cb-Ti-Jb ternary system, aa ths data contained in 

‘Tabla B-7 dedicatee. Bowevwr, work on thia system has not been nop hi el wd bs aswet 
of other lapartant conoids rati one (extrow brlttlsnoos, lack of fabrleabillty). 
Is sent tally all oogpoaltione are characterised by oxidation rates that decrease 
with increasing tins (parabolic, logarlthaic, etc.), tn unusually rapid oxide far- 
entice, fol loved by a narked redactior. in rate, characterises alloys of the quater— 
nary system Cb-Ti-FO-Al, which in general exhibits logarithmic behavior in ths oem- 
position rungs o considered. Unf ortunste ly, the oxide scales formed in the quater­
nary alloy appear to have little resistance to thermal shock. In addition to tbs 
data contained In Tabla B-7, results haw also been obtained on tbs effect of alsch 
metal additions on tbs oxidation characteristics of Cb-Tl-Fe allays. These addi­
tions, in the range of 2 to 20 w/o nlsah metal, to ths Cb-2Ori-20Fe alloy bad a 
wall beneficial affect at 2192°F, bvt were deleterious at lower tesqiem turee.

InCermaticn concerning the colwdilwi base alloy program being carried out under tbs 
general direction of Dr. Mania in the Pigments Dsportmout of the duPout Bxperiwotal 
Station in quite United. The program is entirely proprietary, with the exception 
of a limited Joint effort with Thompson Products apparently concerned with fabri­
cation and sales. Ths overall research and dewlcpwnt effort net be quite eaten 
dn and is probably wider in scope than that undertaken by ths Union Carbide Metals 
Cwpany if eosmwata oonosruiQg yearly budgets are accurate. In addition to physical 
and mechanical metallurgy research, const durable work has been acccmpliabed in ths 
process metallurgy field, with concentration being given to ths production of an 
ultra purs row material afaleh would require little if any upgradtiq) by voemam melt­
ing techniques. Unfortunately, the company bes rmfueod to sell raw awaited eolae- 
bitm, claiming that owl nation of the product could reveal ths nature of the pro- 
prlwtary reduction procedure) it la possible that ths production of ths pure raw 
product is now only sufficient to meet research and development requirewnta, slew 
the Temsseal electron beam molting ;rrem baa beam weed by duPoat to upgraefa- a 
cosqpsre lively large amount of ssrterzml.

Within ths last two months, work has been comoaotreted on the basic Cb-lOTi-2OW-3T 
ccugMMitioc. Alt ta to improve the oxidation resistance by wall additions of 11, 
Bo, Cr, Fe, and «. in various rwwdrt nations limited to single phase systems have been 
interpreted aa indicating the superiority of the Fe-JB. ecabiwtiam, but the Bo effect 
should not be neglected.
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On* of th* two sort publicised coluatiun-base alloy* developed to date la a Cb-lOTi- 
10Mo cosqposltlan announced by th* duFoct-Thoapecn Products teen. The technical paper •*“ 
and aale* brochurs ' contain data related to two distinctly different offocta result­
ing Crow air exposure at elevated taspwraturv*. The first of thee* la the forestion 
of th* usual oxide scale, which results in a loss of effective natal thickness (surface 
recession, external oxidation). Data obtained at 2000®F 1* included in Table B-ll. 
The second typo of effect la dn* to the diffusion of oxygen into the bass natal (in­
terr*! oxidation) reeultii^ in the foreatlon wf an oxygen affected sone of increased 
hardness. The latter typo of oxidation doos not reeult In a loaa of natal thickn***, 
and would bo expected to reeult In ircroaced load carrying capacity for tonsils or 
creep-rupture *pedM*aa. The depth cf th* affected eons can be Measured netallograph- 
i roily or can bo dsteradned by miarohardnea, technique*. Th* reeult* of teat* in air 
at ?OO0®F for thl* typo of Internal oxidation ar* listed In Tabla B-12.

Famtoel Mstsi bxrgleal Ccno-t.g:.
Dr. A. B. Mlcheel^0' reported on th* Faxateel Metallurgical Corporation oolwstoiw*- 
baee alloy progran at the A.I.M.K. TTlrd annual Reactive Matala Conference In Buffalo 
durixg late May, 1958. Initial oxidation testa consisted of screening of a ncxber 
of tungsten-alactrods-eeltod binary compositions. Spednons originally 3/8* x 3/8" 
x 1/2" were hand ground through a 00 finish, and then were exposed tn a fwnace sain­
ts loed so as to give a couplets voles change of air for each adnate of test. In 
the uaual procedure, the initial thickness of a toot coupon was accurately dsterulned 
with th* aid of nicroaeter*. The spsdnen waa then orpooed to flowing air at 2000°F 
for 16 hour* and upon renewal free the furnace the oxide scale waa eechanically re- 
no ved, Final coupon thickness waa ueasured and the difference between initial and 
final thicknesses, divided by two (since two surfaooa are involved), was reported as 
the "displscewant of the aetal interface." Thia value constitutes the snount of 
natal conaused in oxide scale foreatloa (external oxidation). Applicable teat reeult* 
obtained with binary alloy* for thia type of oxidation teat procedure auro listed In 
Table B-13.

CWIM-172L 
Date: May 20, 195?

purge of two cubic feet par ednwt*. After exposure, saxpies wars cooled and rs weighed, 
and the aeoust of oxidation we* reported as a percent weight gain of th* original san­
pls. Data for th* Cb-Tl-Al ryetea and ita cciaplex Modifications, as reported by duPont 
Investigator*, 1* included in Table B-fi.

The two nor* recent duPont pstcut*<3*>37) deal prlnarlly with the Cb-Fe-Al and Cb-Cr-Al 
ternary systssw and their advanced Modification*. As in the oaa* of the earlier patent,

of recording theraohalances. Sanpiss were Maintained at 1B3^F (lOOCAc) and 2192®F 
(12O0°C) for 21 hour*, and reported data consisted of th* weight gain rata (ng/csiz/hr) 
durlx« the last hour of the exposure cycle. Upon termination of the oxidation teat, 
th* f—pl— were cooled and th* protective nature rod adhsrenoo of th* oxide layer* 
were evaluated by Metallographic event nation. Teat reeult* for the Cb-Fs-Al syetaa 
and It* Modifications are included la Table B-9, while Table B-1O deal* with the 
Cb-Cr-Al *y*tsm and nor* r nep lev nodlfl cation*.
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A «*xlnCTt resistance to scaling in tte col-uxjiun-tantalua systeia at tanperaturax 
2*1!*?"1'-10?0 and 2tXX7°r was found to occur at a composition of approxisatsly 20 a/o 
Ta (32.7 w/o Ta). At ♦ anpii-atuma V tte range of 1500 through <0O0°F tte alloy mu) f * — —1 a < a — — VS—— _ ^OA.e.  . - . -
forced on the alloy was more adherent, leas norous, and had a tan color ratbar than 
tte characteristic white of CbyO^ and Ta^. For tte binary alloy, para colmbixm

Pttr* tantalus, tte effective depth of oxygon and/or nitrogen diffusioo Into tte 
teae act al tea been determined after a 16-bour air expoeure at temperatures in tte 
range of 2000 through 2030°!*. Tte values given In Tabla B-12* are tte d^pthe below 

estal-oxids Interface at which there were abrupt changes In hardness as 
nined by nicrobardMss traverses on cylindrical spacemans having an orieldiam­
eter of 0.375*. Tte data included In Table B-1U my be regarded aa a wenrur* of 
"internal nidation.*

A total of sixteen ternary system bare been investigated in a mnner Identical to 
that used for tte binary allo ye j data is included in Table B-15 for tte Cb-Cr-Co 
ayaten and several of its wore cowpie x modifications and in Table B-16 for otter 
ternary cyrteaa and their derivatives. Many of tte alloys are mdificatlons of 
the Cb-32.7 Ta binary in Wiieh tte ratio of four atom of coluebiue to of 
tartalum is naintainod. Ternary alleys containing rompoi tent a capable of forming 
spinels, such aa Cr or Pe with Co or U, had tte highest resistance to scaling, 
^or vivwn percentages of alloying els wants, tte alloys /-octal nt ng Or-Co ted a 
higher resistance to scaling than those containing Cr—Si, Fe—Co, or Pe—U. Tte 
•eales formed on tte Cb-Cr-Co alloys were more adherent than those for tte nthar- 
colunbiun—base alloys tested.

For several of those compositions which showed proaising reel, st arcs to scaling 
pseudo continuous weight gain tests were sate. At. 2OCCPV in slowly floudm air 
tte Cb-12.9Cr-8.6Co alloy was tte only one to show a parabolic rate of oxidation 
for long periods of tim. Tte rates for alloys containing Mo, W, and Ta uan 
parabolic during tte initial stages of oxidation and linear for tte later stages. 
In Tabla B-17, tte total weight gain after 10 hours at 2OO0°F and tte rate of 
oxi det ion at that tins and temperature are tabulated.

CWIM- 172h 
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Of tte binaries tested, those of tte Cb-W system wore tte cost resistant to scaling 
resistance increased with increasing W content in ths range of 5.7 through 

•*5*9 ~ The tendency to spalling on cooling also decreased with 1 rwii nasi
tungsten content and all expo sod saagles were characterised by a black, dense, 
adherent awtecala. Molybdenum concentrations of 3.1 to 10.3 w/o *—rr~rid the re­
al stance to snali ng, but high concent rations (30.7 w/o) were rtetrine nt a 1 to —v^ - 
datlon resistance due to tte formetien of volatile MoOv. Every binary alley tested 
spalled upon cooling from tte exposure teaperature. Co-Mo specimens also exhibited 
tte formation of a black, dense, adherent subscale. Enhanced sealing resistance 
as a. sc deser.rjtr* ted Cb-Al, —Cr, anc —3i binaries, but it boeass necessary to exceed 

liwit <*f solid solubility in order to aciiievw results oonpetitlvw with Cb—Ta.
Cb Mo, and Cb-W solid solutions.

• cosipositlon of approxinately 20 a/o 

wore resistant to scaling than either ooluwhium or tantalms and tte seals which

tte characteristic white of CbyO^ anc 7*305.
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(M fora) was simultaneously pr—d. Cr 
hypothesised that the CrCbOj, complex ox

Seven compositions in ths Ct-Ta binary system wars exposed, and of ths samples tasted 
from naw ternary systems and two quaternary systems, all but two had appreciable 
tantalum contents. It should be borne in mind that tbs Kerneeott-Battells program 
was one of the rev research, projects □rimsrily interested in a study oT the strength­
ening of eolumbima base alloys and that oxidation stvdiea were of secondary interest 
only.

The usual oxidation teat performed in the laboratories of Nuclear Metals Incorporated 
on arc cast and machined columbium alloy specimens consisted of a two hour exposure 
to air at 1BOO°F. Test pieces were accurately weighed before and after exposurej ths 
data presented in Table B-13 is average weight gain in the unite of wg/cm2/hr. Only 
a very few compositions in the Cb-Al, Cb-Ce, and Cb-Cr binary systems were investi­
gated. ill ternaries and quaternaries ware composed entirely of Cb, Cr, Al, and/or 
Si.
Spectroscopic, x-ray fluorescent, and x-ray diffraction analyses wore marts on tne oxide 
scales of several exposed samples in order to determine ths slamsntal and chemical 
compound constituents. In tbs case of Cb-Cr binaries, it was found that the increase 
in oxidation resistance with increasing chromium content (0 to 20.9 w/o Cr) was accom­
panied by an increase in the amount of OrCbOj, present in the scale. Although CbjOcj 
(N form) was simultaneously presort, SrjOj and CrOj were not detected. It nay be 
hypothesised that the CrCbOj, complex oxide affords seme protection, but that the 
kinetics of ths oxidation reaction together with the rate of diffusion of chromlm 
in columbium is sueh as to prevent CrCbO^ from completely covering the surface.
A quaternary 52 Cb-23Cr-lQAl-153i alloy of superior oxidation resistance was found 
to form a thin oxide scale consisting of alpha AI2O3 plus as yet unidentified com­
pounds containing Cb, Cr, Si and perhaps Al. Beithsr CboOc or CroOq were detected 
in the film.

At the Batts Ila Hewn rial Institute''^2'1 oxidation teste have been performed on pro­
prietary Kennecott colusblum-baee alloys prepared by button melting with a tu*M(sten- 
tip electrode under a stagnant inert atmosphere. In general, tecta consisted of 16 
hours exposure to air at 1SOO°F. Specimens were carefully neasured and weighed before 
tost, and were rw weighed after exposure ao as to determine a total aright gain in 
16 hours. Data for alloys of interest are included in Table B-19.

CNLM- 172b 
tetot May 20,
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H. P. Kling3 / ^as briefly reported or the rolunblur. alley research program baii< 
carried out in the Syleor laboratories. In the studj of pure coluafcLaa oxidised 
at 1832°F (1OOO°C), a search was Made for the lower oxides (CbO and CbO2) without 
sueosss. In soon cases a gray or black phase appeared next to the metal in con­
trast to the bulk of the scale that was white or buff in color. It was established 
that sows oxygen can be readily removed from the oxide scale, and that while the 
oxygen-deficient crystal is black, tbs stoichiometric compound is white.

CWIM- 172U
Date: May 20. 195?

Weight gain was also Measured after a one-hour exposure Ln dried sir at 1832°F for 
Cb-Ti binary alloys. A plot of weight gain versus percent titanic* showed that the 
weight gain decreased, in a rather parabolic aanrer, the greater the titaniua con­
tent] inproveeent was only Marginal for titanic* contents in excess of 11 w/o. The 
mechanis* of oxidation was considered to be al *11 ar io that prevailing for the case 
of 3ura colustoiwx.. The oxide scale showed unly the crystal structure of "H" Cb2©5 
with slight line shifts (x-ray diffraction) despite the chanrad appearance and color 
of the oxide. An alloy containing 11.1a w/o Ti was found to have only 3.6 w/o Ti 
in the oxide scale, although 6.05 w/o would have boon expected if the aetal had 
oxidised to T1O2 plus without partitioning of the tltaniu* content.

For Cb-Mo and Cb-V binary syida—, weight gain was Measured after a one-hour ex- 
posurs at 1832®F (10CO°C). Plots of weight gain versus percent composition showed 
minlMUMs at about 5.6 w/o V and 5.2 w/o Mo. In each case the weight gain value at 
the Ml nine* was about one-eighth that of pure coluabiua. The basic node of nx1 - 
da tian appeared to bo a1*11ar to that for pure ocluntalu*. X-ray diffraction 
patterns indicated only the presence of "H" Cb2Oc, although there were slight line 
shifts. In both instances the color and appearance of ths oxide differed fro* that 
of "H" Cb2O§. An alloy containing 5.8 w/o V was found to have U.O9 w/o V in the 
oxide scale] 3.56 would be expected if the alloy oxidised quantitatively to Cb2Oc 
plus TjOj. An alloy containing 5.2 w/o Mo was found to have 3.05 w/o Mo in the 
oxide scale] 3.6 w/o would be expected in this instance.

J'wwwrs. F. J. Clauss and C. A. Barrett have presented two papers ^0^*5) which review 
ths coluabium alloy prograa carried cut at the Lewis Flight Propulsion Laboratory of 
the then national Advisory Coaalttee for Aeronautics. The first of theseie con­
cerned with the screening of a large nuaber of binary syatess. ‘ exiles were prepared 
by nixing Columbia* powder obtained froa ths Fans toe 1 Metallurgical Corporation with 
appropriate alloying ingredients: buttons measuring 1./2 inch in diameter and 1/8 inch 
In thickness (about 2 g*. weight) were cold pressed in a closed die. The as-pressed 
buttons were vacuum sintered at a pressure of less tJjan 5 stereos, then repressed 
and resintored. The final sinter was conducted at 35O0°F, or as close to that tamper-
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atura as was deemed advisable in view of certain characteristics of the alloylok 
elements (vapor pressure, raIcing point, etc).

Prior to tooting, all specimens ware polished through OOO emery paper, cleaned in 
acetone, and accurately weighed, after preparation waa complete, teat coupons ware 
Pla<=«d in ceramic boats am inserted into a tuba furnace at the desired tasperature. 
V . 7** had be<r dri*d b* P^’Bine through a coIran of "Drierite" was slowly clreu- 
* t*L®VBr ?p^’nan* WBre run for f°ur hours at 1832°F (1000°C) and for
two hours at 2192°F (1200*0 . Sanplae ware accurately rewelghod after test and 
weight gain was reported as the average over the duration of exposure. Theas welxht 
gain values are not thought to bo particularly naenlngful, since specLrana were r ~i 

percent of theoretical density varying from specimen to specimen.
Oxidation weight-gair values undoubtedly reflect to a certain extent the porosity 
of the being tested. The oxide scales were arbitrarily assigned a code
number between 1 and 5 to catalog their appearance. Scales in Class 1 appeared 
d??*e» likes these were adherent at the test temperature but gener­
ally popped loose from the base metal during cooling. Scales from Class 1 war a 
associated with the lower oxidation rates. At the other axtrems were scales in 
C~*? pt^ihese were very pc roue, powdery, and had mushroomed out from the base 
natal. In* ar xj lUsta numbers were assigned to scales between these •xtrawi. Values 

gnin together with the code nunber for scale appearance are listed
^0?^.^, - ’■—«<■««. .1 t- 1.0,

5arrett D«pwr(4i5: was devoted entirely to a study of the oxi- 
y1 b^haT1_Or Cfc-Cr Alloys containing up to 10.3 w/o Crwere prepared

described, Durlne'^U- 
dation testing individual specimens were suspended from one are cf a "Chainom tie­
balance into a vertical tube furnace that was dosed at the button and open at the 

J*5?oaar*B °r 2»> tours iuratlor. were made at BOO°C (lh72°F> 1OOO°C tlfll
£2iy2tF>’ -*-f^«r test, tbs oxide was examined visually,, the d-valuee 

determined by x-ray diffraction, and the chemical am lysis of the scale determined.

H t!**8 <11**olTwd chromium bad two effects on the scale structure. First,
at all chromium compositions, it resulted in a contraction of ths Cb^Oc lattice/ 

abo?t 2,5 */° 11 promoted the formation of the "H" fora of CboOc
along with the usual "L" fern. Id the coaponiticn range of 2.5 to 5.2 w/o Cr there 
appe^ed to be a critical ratio of the "H" to »LS oxide structures at wtueba’ 

adherent .cals was famed. Belov thia raxge of coaposltlcni 
only ths L fora existed which was porous and not protective. Above Cr
there was apparently an excessive aaount of "H" fora Cb^Or and the scale bocaao 
SZjT^f 2l5et^5!2B£%<5?< aCal< ln *** OCCTrad ln «» co-powltloa
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Although the columbium progrsn carried out under W.A.D.C. sponsorship at Horizons 
Incorporated was primarily concerned with coatings, E. C. Rirakle has reported on 
the oxidation behavior of a limited number of columbium base alloysJ-ko,li7; Speci- 
mns were consolidated by double melting homogeneous compacts in a tungsten electrode 
furnace o A standard finish hj produced on isachined or hand ground pellets by hand 

piec*s through OCC eaery paper Inbricatec with a light oil. Conti 
wight gain data was obtained for air exposure, and was reported as such. Exposure 
was generally only for two or three hours, and reported data, in addition to suf­
ficient information to allow construction of ths wight change-time curve, usually 
included * value for the average weight gain and a description of the forwd oxide 
flln. A resume of Horizons Ir orporated oxidation test data is included in Table B-21

Ohio State University

The Department of the Mary supports a program at Ohio State University, under the 
direction of J. W. Spretnak end R. Speiser, r.iwd at the protection of columbium 
against oxidation at elevated temperatures. Samples of alloys wre arc melted at 
least three tines undar an argon atmosphere in a tungsten electrode furnace con­
taining a water cooled copper hearth. °rior to alloy smiting, the atmosphere was 
guttered by wlting a titanlrrc button for two minuter. Alloy saxplea wighed 
approxiwtoly five grams each. Those compositions which were sufficiently ducti Is 
wre cold rolled into C.OJO Inch sheet. Otherwise, the buttons were machined into 
rectangular parallalepipeds approximately 0.3 x 0o15 inches or were left in the 
MJ‘Ca“^J^8pherieal button shape. Sampler for oxidation testing wre polished 
th"ough 0000 ewry paper and rare degreased in acetone. Daring exposure. 
were suspended by a platinum wire into a vertical tube furnace operated at the 
desxred temperature. The wire was attached to one pan of an analytical balance 
mounted above the furnace. Continuous wight gain versus time data wre taken for 
each sample oxidized in still, undried air.

A1 though the ehrowiuir solubility in the oxide lattice forwd at 2192°F was sub­
stantially the saw as that found in ths lower temperature oxides, the protection 
afforded was poor, the scales having become orous and cracked as a result of 
exposure at the higher temperature.

At 1832 F only the "IT font of CbgCt, was fanaed. As was the case with several of 
the scales ftinned at the lover test temperature, dissolved chromium apparently 
altered the lattice enough to make the scale wre stable and wcfaanically sound- 
Increasing amounts of ehroniivrt within ths rarge 2.5 to 10.3 w/o improved the 
character of the scale and reduced oxidation rates. However, the best scale ob­
tained at 1832°F was not as tough as the scale forwd at 11*72°F on the 2.9 w/o Gr 
alloy.
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Data concerning Cb-Tl.an^ Cb-Cr binaries and the Cb-Ti-Cr ternary system are in­cluded in Table B-22.'k8/ All Cb—Ti alloys tested spalled upon cooling to room 
teisperature, ssarjy so violently that pieces of oxide were thrown as far as one feat 
in the air. A preliminary investigation of the Cb-Cx binary system indicated that 
ths oxides fox hag on these alloys did not spall open cooling to so great an extent. 
The possibility thus existed that the addition of Cr to Cb-Tl bases Kight suppress 
spalling. The ternary systos was invsstigatZid, first to determine if a composition 
could be found which exhibited a parabolic oxidation rate, and second to determine 
if the spalling on cooling could bo suppressed. A Ct-27.6Ti-6.6Cr alloy exhibited 
true parabolic behavior at the testing temperature of 1652°Pj upon cooling, the 
oxide scale spalled as readily as did that for ths best Cb-Tl binary,
Previous work at Ohio State University had shown that saa.ll zirconium additions 
were actually detrimental to the oxidation of colurabi um. However, above 10 Zr , 
oxidation resistance increased significantly with increasing zirconium contents, 
and the oxide film became more adherent. As Table B-23 shows, continuous weight 
gain tests were performed on binary alloys containing 35 to 65 w/o Zr; an alloy containing U5 w/o Zr appeared to exhibit parabolic behavior for the first five 
hours of test, but the oxidation rate increased and became approximately linear 
as the exposure progressed. The change from a parabclic to a linear rate appears 
to be due to the shearing of the oxi da film at the sample edges after tte file 
has became sufficiently thick Once the film has cracked, oxygen has direct 
access to the metal surface or to a very thin, sub-film adjacent to that surfacet 
under these conditions a non-perabolic rate would be expected.
In a more recent report^9) stated that a number of alloys in the Cb-Zr-Tl
system have been tested, and that an alloy containing Cb-50.8Zr-2.7Ti was found 
to possess the best combination of low oxidation rate and non—porous adherent 
oxide film. Continuous weight gain data obtained at ?00, 1000, and liOO°C la in­
cluded in T^ble B-2I4. The oxidation behavior can be described by tits gncrldr- 
relationship «« - k t. Ths unusual weight gain-time relationship results from 
two different oxidation processes occurring niisultane ously on and in the *'< toy 
One process is the usual formation of an external oxide layerj tbs other is the 
diffusion of additional oxygun into the base metal (Internal oxidation). At 
room temperature, this lntera.1 oxidation la manifested as a peritectic-like 
dispersion of oxide phases in a solid solution rsatrix. X-ray diffraction has 
indicated that the outer oxide is primarily 6 Zr02»CtoO<» th- internal precipitate 
is primarily monoclinic ZrO2, although CbO has been cetected. The room temper­
ature hardness of the oxidized alloy reaches a maximum of 1212 VKM in the outer­
most region of internal oxidav.lon. The hardness drdpe off rapidly toward the 
center of the specimen: in a specimen oxidized for 2*2 hours at 1832°f (1000°C). 
the as-cast hardness of 278 VHM was reached at a depth of 25 mils below the ' 
outer metal-oxide interface.

Mr. L. M. Raring
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A second series of tests was oonoemrd with the evaluation of binary colunbiun-base 
alloys containing up to 35 a/o of additive element. The alloys were melted as iweall 
buttons in a helium atmosphere furnace on a water cooled copper hearth. Prior to 
testing, buttons ware machinoi into rectangular specimens about 0.1 x 0.2 x 0eli5 
inches. For oxidation to st in j, the fpeoimens were placed on inverted porcelain 
crucible covers and supported by one half inch diameter porcelain rings so that 
minimus contact area was maintained between the specimen and the support. Speci­
mens were exposed to air at &X>, 800, and 1000°C in a muffle furnace for periods 
up to 20 hours, depending on the oxidation rate. Ho attempt was made to control 
humidity. Weight data were recorded initially and after 1, 5, IO, 15, and 20 hours 
of exposure: the type of procedure used, involving intermittent noting and beat­
ing, makes it difficult to determine the rate law governing the oxidation reaction „ 
In Table B-26, average weight gain rate is reported in the units of a«/cm2/hr. 
After exposure, the oxide scale was carefully removed by mechanical means and the 
specimen reweighed. From xnom values of initial and descaled weight, it was

CMLM- 172h
Date: May 20, 1959

In several respects one of the moat comprehensive research programs concerned with 
the oxidation of - columbium base alloys has b&en that carried out at the Battalia 
Memorial Institute under Government sponsorship. While the nwnbwr of individual 
compositions considered has not been as large as in several other programs, a more 
complete evaluation procedure has been attempted. For several specific compositions, 
intermittent and continuous uaight gain tests have been used, the amount of satai 
consumed in the formation of oxide scales has been evaluated, and the depth of 
internal oxidation has been determined. Results have been included in several 
portT^*)*”*1 papers'3G,>o,>i; and recently been sumaarised in one larger re­

Initial data^-’0) were the result of • very preliminary type of program. Nine 
binaries at the nominally five weight, percent level were considered, as were 
ternary modifications with 9.5 and 19.0 w/o Ti, making a total of 27 eoapositions 
in addition to pure columbium. To determine the effect of alloying on the oxidation 
characteristics of columbium, email specimens ms chined from arc cast buttons were 
checked for short time oxidation resistance by a weight gain method. The alloy 
specimens, machined to about 0.5 x 0,5 x 0.07 inches, were hand ground on 0000 grit 
esiery paper, measured, washed in acetone, rinsed in absolute alcohol, and weighed. 
For testing, each specimen was exposed in a pre-fired porcelain crucible, each 
crucible having been weighed, exposed for one hour at 1800°F, and reweighed Just 
prior to ths oxidation test. The crucibles containing thm specimens were then 
exposed for one hour at 18O0°» in still air. After exposure, the crudblea, speci­
mens, and collected oxide were reweighed and the weight gain during exposure was calculated as grams per squars inch of original surface areat in Table B-25 the 
data have boon converted to the more usual units of mg/cm2/hr so as to be more 
comparable with results reported by other laboratories.
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possible to calculate an average rata of might loss - an approximation of the amount 
of natal converted to oxide scale t average values of thia parameter are included in Table B-26.
The mechanically removed a eale wax analysed for columbium, additive element, and 
oxygen by standard analytical chemistry techniques. Quito often only two of tba 
constituents were determined, and the third calculated. Data concerning the com­
position of the oxide scale for the binary alloys are ineluded ir Table B-27.
following completion of the oxidation aea anrement a, Knoop hardness treverses were 
made on crooe-eections of the unreacted portions of the specimens in order to 
nsaaui * the depth to which contamination (or diffusion) by oxygen (or nitrogen) 
penetrated during air oxidation testing. Data for hardness versus depth of con- 
taminstian ware plotted for each alloy and test t smj inrat wr. In the nsssui emstrir, 
aero baseline depth was taken as the surface of the oxidised alloy following scale 
removal. Since the hardness-penetration curve for nost of the alloys did not meet 
the oncontaminated base-level hardness value sharply, a finite point for naxtsam 
hardness-penetration was hard to obtain. Therefore, maximum depth of penetration 

arbitrarily taken as the point where the hardness-penetration curve reached the 
base natal hardness value plus 50 EHK. Data on the depth of contamination, obtained 
in this manner and expressed in centimeters, are included in Table B-28.
The hardness-penetration data nay also be utilised to calculate the diffusion of 
oxygon in colmbium and the alloys studied. Diffusion and contamination are con­
sidered to bo quite closely related, since contend natl nn hardening la dependent on 
the extent to which oxygen diffuses into the metal. Activation energies for oxygen 
diffusion from air (eal/mol) are included in Table B-29.
Selected binary alloy systems wre further evaluated by continuous weight gain 
oxidation tests in dry air at 10-00 and 12OO°C for periods up to six hours. Results 
of the continuous weighing tests gensrally confirmed the information obtained in 
the more extensive screening survey regarding the composition areas of ~r-f—m oxi­
dation resistance and also showed that many of the attractive alloys divert para- 
bolically and farmed protective scales. Tables B-3O and B-31 give reaction data 
for all of the binary alloys investigated by the continuous wuighlzw method at 
temperatures of 1«32°F (1OOO°C) and 2192°F (1200°C), respectively.
Battolls Memorial Institute research workers have concluded that the effects of 
alloying on columbium oxidation can bo related to certain properties conferred 
upon the oxide film by the additive. Three types of effect may be expected) these 
are valence effects, ionic site effects, and now scale effects. In the low-alloy 
range where the additive ions are soluble In Cb^OJ, the data lend stroiw support 
to the theory that the also effect predominates over other moctaniams, although 
valence effects wore also observed in this range. Molybdenum, with a valence of 
*6 shows a greater specific effectiveness than does vanadium of valence Simi­
larly, slreonium with a valence of la a detrimental addition at low concentration 
levels. Above the 10 to 15 a/o alloy addition level, the oxidation behavior of 
columbium alloys can be related to the properties of the addition-metal oxiaea. 
Thus, for higher alloys the oxidation behavior is determined by the properties of
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T?’*3'*. 5** *’'* Cb-Mo-Cr and Cb-Mo-V. The Cb-Tl base alloys wars hot'Tabri cable but* 
ths other t— ccwpoci tIona mro not and hence were tested in the east condition .

the now reales which fonu For exauple, tltaniwa and sirooniuM, which beer 
negative free energy of oxidation tnaa doos col^biuz, would bo c_, '__ 1 „
•Ither their own oxides or stable raized oxides at Moderate aTlnying levels.

*£5,c* *** t*rnarT alloy additions were evaluated first by a screening surrey on tb. oxidation behavior at 600 to WOO°C of a large newber of cast alloy.; STLZ 
attractive system were subsequently studied by continuous weight gain tests on 
wrought ternary alloy strips at lOOO and 1!OO°C. The procedures followed in those 
toots were virtually identical to those us*d for binary alloy*.

Ternary clloys were investigated by intermittent weight gain testa and ths results 
obtained are listed in Table B-32. Data are presented as the average 11 mar oxi- 
dation rate, since linear and parabolic behaviors are hard to dilEInguish in this 
type of test. Average values of weight loss data after rmuvsl of tie oxide scale 
are also reported* hence this Measure pertains to the amount of seta! constmd in 
the fermtlon of scales.

tanlua, and chromium base have boon considered.

prepared by pressing well nixed metal powders of the 
T**”*? 'ORPoaltion under a force corresponding to a pressure of 50,000 pal in a one 
imhateel die, or by nixing various wetala in place in the furnace without pressing 

wh*th<r “tarting astals wore —inly powders or chunks. Alloys —r* 
rf" * ao“~«»»»iMabla arc furnace equipped with a 2 percent thorlatod tungsten 

electrodet the furnace had a six station rotating water cooled copper hearth. Kach 
welting depression ms two inches in Hamster and 1/L inch deep. Buttons wore welted 

*ld* ** atmosphere maintained at an absolute preasure of 20
1 ' cf rnreury * a getter button of Ti-Zr alloy ms always first waited to insure

CW1X-17214
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* a Heel Doty Globar furnace at 2000°F, 
' r~~ 2!j hours prior to air coaling, 

then chipped off, and the epsMst* llshtl* 
*** parallel aides,

2*,"port. Wr. — .

1= s^srssi-aJrtsKi srsrs"
■hiZhtZZ. ??Table 3-35. Ternary syatwes and tlalr adraDoednodlf ieatlene

££ "7tX" Sers<’c^’S B‘M)- Ob-T1-T*<Trt=

w. R. ciourh (J

1. C. SLraaM

i. C. Krvtaciat

mlta^nh2^.nli^f7 ..ft**/t**pS*ne- ^^PO-ltlone —re not analya^i after eiiunt, nanoa reported analyses are nominal r r

rleans for oxidation teatltw 
with two parallel sidaa. r £  
t***1®®- *** wwra Introduced into u 
ware held in still air at that taaperaturo for 21* 
resulting oxi ds seals was exawined. <" 
blasted. Pinal thickness 1----------- 7
rate of recession of the swtal-oxlda
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Cb—Al 
Cb-B 
Cb-Be 
Cb—Ce 
Cb-Co 
Cb—Cr 
Cb-Cu 
Cb—Fe 
Cb—Oe 
Cb-Ir 
Cb-Mn 
Cb-Mo 
Cb-Wl 
Cb—Re 
Cb-Se 
Cb—Si 
Cb-Sn 
Cb-Ta 
Cb-Tb 
Cb-Tl 
Cb-T 
Cb—W 
Cb-T 
Cb-Zr

Union Carbide Metals Company 
K. I. duPont daNemours and Company 
Fansteel Metallurgical Corporation 
Nuclear Metals, Incorporated 
Kennecot t-Battolie 
Sylvania-Corning Nuclear Laboratory- 
Lewis Flight Propulsion Laboratory 
Horizons, Incorporated 
Ohio State University 
Battelle Memorial Institute 
Stanford Research Institute

References ( Laboratory and Tables)

A(Bl)xC(B13}xD(318)xG(B2O) xJ(Bt25,B26,327,B28,B29) 
J(B26) 
A(B1)xJ(B26) 
A(B1)xD(B10)
A(Bl)xC(B13)«0(820)iJ(B26,B28, B29)
A( Bl) :C( B13 ' :D( B18) tG( B20 ) x I( B22) x J(B25,B26, B27, B28, B29,B3O,B31) : 
A(Bl),G(B2n) KCB35)
A(Bl,B2)tC( B13 ) iO( B20) x J( B25, B26, 827, B28, B29,B3O.B31) 
G(B20) 
O(B2G)
A(Bl)x J(B26,B27,B28,B29)
A( Bl) » C( B13, B17 ) x F: G( B2O) x J( B25, B26, 327, B28, B3O, B31) 
A(Bl)iC(B13) :G( 320); J( 825,826,827,628,829) 
O(B20):J(830,B31) 
G(B20)
A(81)tC(B13-;G(B20)xJ(826,B27,B28)
A{B1)xI(B35)
A(Bl)xC(B13, BUx,B17):B(B19):0(B2^):J(325,826,827,B28,B29) 
A ( Bl)
A( Bl, B2)xC( £13,317) xFxG(B20) xl( B22) xJ< B26,327,B28,B29, B3O,B31)x 
A(B1)«C(B13)xF:G(B20)xJ( B25.B26,B27,B28,B29,B3O,B31) K(B35)
A ( Bl ) x C ( B13, B17 ) : G( B20) t J ( B25, B26, B27, B28, 329, B30, B31): K (B35 ) 
A ( Bl)
A(B1) :C(B13) 10(320) jI(B23)x.H B25,B26,B27,B28,B30,B31)xK(B35>
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Ternary Raferencea ( Labora-,x>ry & Table*)

.\2 3-33-

J(B32) 
A(B3)

Cb-Al—31 
Cb-Al-V 
Cb-Co~Al 
Cb-Cr-Al 
Cb—Cr —Co 
Cb-Cr-Mo 
Cb-Cr-m 
Cb-Cr-Sl 
Cb-Cr-V 
Cb-Cr-W 
Cb-Fe-Al 
Cb-Fe-Co 
Cb-Fe-Mi 
Cb-Mo-Al

L

Table A-2

TERKAJiY SYSTEMS AMD MJDIFICA TICKS
Croaa Index Reference Tebin

Cb-Zr-Al
Cb-Zr-Cr
Cb-Zr-Ti 
Cb-Zr-V 
Cb-Zr-W

/ 
/

A(B3)»D(B18)
A(BU)
A(B3)
A(B5):B(BlO)«D(B18)lB(B19)x<(B21)tJ( B32)
C( R1 C R17 N
A(B3)sH(B21' «J(B32rBJ3,B31l)
C(B16):J(B3?)
AjD(B18)»J(B32)
J(B32)
C(B16):J(B32)
A(B3):B(B9)
C(B16)sH(B21)
C(B16)
J(B32)
J(932)
J(B32)
C(B16)aJ(B32)
A(B3)
C(B16)aJ(B32)sK(B38)
C(B16):E(B19)»J(B32)
E(B19):J(B32)
A(B6)tC(B16?sE(B19)
C(B16)
A(BU)»B(B8) jE( 319):H(B21)
A(B3)tJ(B32)
A(B5)tE(B19;t H( 321)« T(B22)«J( B32,B33»B3h)»K( B36 ) 
A(B2,B7)»J(B32)
B( B1L, B12 ) * E( B21) t J( B32, 833 B3h )
A(B3)»J(B32)
J(B32)
C( B16): BIS )»J( P32 )tK ( B37 )
A(BU ) ,E(B19) » J( B32, 833,83b )
A(B6)rC(B16)»H(B21);J(B32)
C(B16)
J(B32,B33,B?b)
C(B15>:J(B32)
J(B32)
C(B16)
C(H16)
A(B3)
J(B32)
A(B3):I(B23,B2b)tK(B39)
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11*1*.3 
139 . 6
137.6 
137.0 
136.5
136.2 
136
133.8 
133 
126
125.9 
121* 
123.1*
123.3 
106.2
98.6 
91*.1* 
91.3
86.7

*AF
25°c 1OOO°C25°C 1OOO°C

-&F
Oxide

Cb2Oj 
CT2O3 
Ga2O3 
ZnO 
V2O5 
Sn02 
WO3 
Fe2Q3 
FeO 
CdO 
M0O3 
NiO 
CoO 
Re 2®7 
CuO 
SeO2 
Ru02 
Rh20j 
PdO

Oxide

CaO 
ThOo 
Nd203 
3m203 
1*203 
MgO 
BeO 
LioO 
T2O3 
AI263 
hto2 
ZrO2 
CeO2 
uo2 
TiO2 
SiOj 
B2O3 Ta265 
MrZ)

at a» Phase change, aa melting or sublimation, 
temperature lower than 1000°C.

Free

Table

of Foneation of Oxi dea^1*^^ 

Koal/grata A tow of Oxygen
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U9.7

26.7

20.5

16.7 
15.65 
2U.7
12.2
25.3 
U.9 
1U.7 
13.15 
21.9

U.2
11.9/12.5
11.6/12.3

21.5

1 x 10"4*

10”2
* lo~3

IO"9

1.2 x IO*4*

12

8 x IO"4* 

10”5 
Is

10~®

IO-9 
10-3

5 x IO”7 
10“**
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Molecular
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Molecular
V-l-m

3130

3130

3300

Malting Point 
°F

2700
2650

3560

351*0

1650

3950
UOOO

Malting 
Point 

* °r

2630
3670 
281*0 
3670

Ag^NoOi! 
AlgCoO^ 
A12Cu0k

AlgZnO^ 
CojCuOh 
CeaM«O!* 
Co 2*101* 
CoaSnO}. 
CojTiOj^ 
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G^gOl,
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7.0 9

0.6 SI
3.2 Si
2.0 Sn

2.0 Cn

25.0 Pe

3.0 Mn

5.8 Or
52.8 Cr

1.0 Co
5.0 co

1.1 Ba

0.3 Al
I. 5 Al
II. 0 Al 
6.0 Al

216.0 Al

9,380

3,550

13 171 323
5,311

108

155 1.550
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1,810
30

5,31*0
2,650

?91
223
303

U,li00
11,600

20

12,000
17,000
18,000

5,860
2,200
1,170

279
15.600
39.600 
1,816

10,390 
I180 
67 
31 
112 
21

U,1*1O
3,990

588
191
195

2,260
2,390
2,260

Total Gain, y/q^/ioo A* Caat Hardneaa

Mona (Pure Cb) 3,630 6,670 211,000 51

J Hour a
2I9?°7-----
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2
5

839
131

Alloy Addition
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30li Stainlaaa Steal
316 Stainlaaa Steal
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8a.o ct 
12.0 Fa

6u,6 Cb
35.2 Tl

72.6 Cb
9.0 Tl

18,U Fa

81*.8 Cb
15.2 Tl

72.6 Cb
27.2 Fa

U2.81 Cb
16.15 ti
8.37 Fa

57.29 Cb
10.28 Tl

Cb
Tl

52.16 Cb 
19.Six Fa

62.73 Cb
8.58 Fa

Cb
Tl
Fa

52.5 TiOj

5.5 FeO»Cb2O5»5TiO2
75.7 FaO-CbjOJ
18.8 CbyO^

17.5 FaO.Cb2Oc.5TlO2
117.11 FaO.CbaO^
311.9 CbgOj

69.6 TiOo’CbyOC
30.11 cbaOj

li7.1» TlO^Cb^

115.5 FaO*Cb2Oc
511.5 Cb20j

8o.3 FaO.Ct>2O5
19.7 FaO

lOFa 1OOO

25Fa 1200

15T1 1000

35T1 1000

!OTi-20Fa 1200

3Cm-10Fa 1000

1

195 J*

Tabla *-2

Alloy Addition
Waight Parcant

Calculated f Of 
Natal Oxidised

Calculated Mol. Jt of 
Oxide Phases

Oxide Chemical
Analysis, w/o

Union Carbids Metals Ccxpa.ij oxidation Tot Data 
Cb-Ti Cb-Fe, and Co-Ti-Fe Al oys 
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Twp. °C
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214,000

1,2149

1,311

839
131

3,590

*2,850 
1,580 
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. 1,272 

383

14,510 
14,320 

385 
1,680 

1,00 
2,530 
l.hOO

6,670

2,55*0

3141

9,290
273

2,052

I4O

6
11

92
118 

1*1* 
77 
83

320
66
18
75
62

10,200
183

1,660
2,510

73
90
76
19

131

A* Cast Herdneaa(Mln, ^/ca2/lr i ctrj

3,630

3,580
2,380

20
16

2
5

2,910

28
37 
IB 
11 
10

1,732

8

Spalled 
Spalled 

269
Spallaa

87.6

687
1,380

721*
81*

1,060 
1914
20 
15 
12
21 

5

Total Wflgtat

Hone (Pure Cb)

9.OBI- 5.01

5O.0Zr- 5.0*2

Alloy Additions 
Weight Percent

9-OCo- 5.0*1

15.0Cr- 5.0Mo

?.(M1- 3.081 
5.011- 3.061 

10.0*1- 3.061 
10. mi- 5.OS1

12.0FO- 2.0*1
12.0FO- 14.0*1

JOii Stainloss
316 Stainless

l4O.OZr-i5.aTl- 2.0V 
l4O.OZr-i5.OTl- 5.0*1 
aO.OZr-15.OTi- 5.QA1-2.OV 
3O.O2r-lO.0Ti- 5.0*1—3.CSn 
30.0Zr-10.0Tl- 5.OA1-2.OV

5.0Zr-10.0W
5.0Zr-10.(JW -10.on 
5.OZr-m.0W -10.0T1-3.0V

5.OZr- 3.0CF 
5.0Zr- 3.0Cr-lO.0Ti-3.09

10. on-10.0*1 
10.0T1-20.0WI 
20.0T1- 5.0*1 
20.0T1-10.0»1 
2O.OT1-12.O*!- la.0*l 
20.0Tl-2O.om 
30.0T1-10.0M1

20.an- 5.0C0 
20.0r1-10.0co 
20.CTl-20.0Co 
3o.0m-10.0co 
20.0n-12.0Co- li.OAl

Jstei
:WBf- 17214

May 2’, 1959Tabla B-3

Union Carbide Fatale Co^ ..ry Oxidation Test Lata/*1) 
MISCELIA*£OU1 TERXARI SI3TriX.S A HP HOLiyjCAT IQ*B

10O Hour Weight Gaia,. i>wc^ O^gen Atx>aptera

39A2-39-

IA

SS
'S

'g
 '

v*

1

•a <h



- 3.0*1
- 5.0*1 
—5.0*1

- 2.0Ta

-20. or*

[
/

Table 1>-U

— ~A00 hx-g. 
21?^

Alloy Addition 
Might Raroent *• Cant Haroneaa

Ba

Onion Carbide Matala Campaxy QKXdation Teat (Mt-a *> 31)
ALIOYS CONTAINING C% Tlt Al and/or V 

10Q IM* Wight ala, P'jre Oaygan Afoapha-o

Total Weight Gin, ag/ca ,

mm- im
Dates May 20, 195$

Nona (Pura Ct) 3,630 6,670 214,000

3QL Stalnloac Steal
316 Stlnleaa 3U«1

2
5

6 
1*1

839
131

7*t2 !*G-
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Aa Cast Hardness
B*IT72°*

2h,0(X)

18
26
20
23
18

2 
5

162
190
258
51

133

3,630

uo 
277 
251

19 
123

21* 
73 
1*0 

103
12

19 
28 
31* 
15
31

15'4 
118

Bo
183 
150

1,930
696 
876 

lr500
581

1,350 
1,310 
1, 550 
1,510 
1,820 
1,370 

316 
833

2,030
2,738
1,661 

171* 
79L

1852^7

8 
1*1

6,670

125 
225 
238 
151* 
21*9 
113 
1C8 
129

95 
127

lP**l w*1Sfat Oaln, mg/cs^/lOO Hours

839
131

2.0*1- 6.0Mo

-Ul-
A2

’•one (Pure Cb)

23.On-15.OCr-

36-OTi- 6.0Cr-

20.0T1- 3. OCr- 3.0Pe- 3.OKI

30l* Stainless Steel
316 Stainless Steel

15.0Ti-10.0Cr 
20.OTi- S.OCr 
2O.0Tl-10.0Cr 
20.0Tl-20.0Cr 
30.QTi-10.0Cr

Alloy Additions 
Weight Percent

6.OCr- 5. (Ml
9.OCT- 3.0*1
9.OCr- 1*.Q*1
9.OCr- 5.0*1

12.OCr- 2.0*1
12.OCr- 3.0*1
12.OCr- 1*.CM1
12. OCr- I*.0*1- 2.0Ta
12.OCr- U.O*1- 5. CT*
12.OCr- 5.0*1

10.OTI- 6.0Cr- 
1O.0T1— 6.0Cr- 
10.OTi- 9.0Cr- 
1O.OTi—12.OCr— 
20. OTI- 9.0CT- 
20.0Ti-12.0Cr— 
25.OTi- S.OCr- 
26.OTi- 6.0Cr- 
36.OTI- 2.0Cr- 
36. OTi- 6.0Cr- 
36.OTI- 8.0Cr- 
36.OTi- 8.0CT-

10.OTi- S.OCr- 2.0*1 
10.OTi- 9.OCr- 4.0*1 
10.0Ti-12.0Cr- it.Q*1 
20.OTI- S.OCr- 2.0*1 
20,OTi- 9.OCr- 1*.Q11

5. oat

-
I CXIX-1721*

Date* raj 20, 1959Table &->

Union Carbide Metals Cowpany Oxldatioi Teat Data^^) 
Cb-Tl-Cr and Ib-Cr-A. STSTatS AND TO3IFICAT1OMS

IQO Hour freight -^:/cx2, Osygin Atmos ph .x-,,

i
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Tota_ Weight Gain, mx,/ca2/100 Sours 
fl '?5eF---- TSsr - 5---------- srstrr?]8jr*y 2192°?

25.0Tl-lO.OCr-PO.OFe- S.OTa 

18.OTi-13.OCr- 2.7A1- U.5V—5. OF a

25 275

-12--

20.on- S.OCr-lO.OFe- 5.OS1
U^.OTi- 5-OCr-lO.OFe- 5.0S1

Alloy Addition* 
Weight Beroant

5
5

82
70

81
81

A* Cast Hardnaa*
____ «A________

33
13

Table

(Continued)

2O.0Ti-lO.OCr- U.QA1- U.OV- 5.0H1 
20.CTi-10.0Cr- U.QA1- li.OV- 5.0T* 
2O.OTi-lO.OCr- 1».OA1- Ij.OV- S.OZr

18.6T1- S.tCr- U.8A1- U.6V—5.0Fe 
15.OTi- 8.5Cr- 2.9A1- U.8V—5.0F* 
2O.0T1—lO.OCr- U.OA1- b.OV- 5.0?* 
23.OT1— 8.1Cr- 2.7A1- U.5V- 5.Ore 
25.OTi- 8.OCr- 3.CAI- li.OV- 5.Ore 
35.on- 8.OCr- 3.CAI- L*»OV— h.QFe

-2

GNLM-17214
L>«tes May 20, 1959

10.0T1- 9.OCr- 3.Oil- U.OV- 2.0Fe-1.0Nl
18 .0T1- B.lCr- 2.7A1- U5V- 5.0Fe-5.0Zr 
18.8T1- 8„5Cr- 2.8A1- h.7V- 5.0Fe-l.OSi

32
35

3 ?
6
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Spalled

26
19
18
36

7.0T1-20.0W- 3.OV - 3.0Fe
7.on—20.0W- 3..OV - 2.0?e- J ONI 
7.on—20.0W- 3.09 - 3-OFe- 2 0W1 
7.0n-20.0W-2O.0Ta- 3.0V - 3.0Fe

10.0T1- 5.0W
10.0T1-20.0W- 3.0V
10.0T1-20.0W- 3.0V - 0.5Ba 
10.OT1-20.0W- 3.0V -20.OTa 
10,OT1-2O.OW- 3.0V - 5.0Cr 
io.on-2o.ow- 3.ov - 5.00-20 or< 
10.0Ti-20.0W- 3.0V -lO.OCr 
10.0Ti-20.0W- 5.CV - 5.CM.1 
10.0T1—20.0W- 5.0V - 5.0A1-2O. Ofa
10.0T1-20.0W- 3.0V - 2.0N1- 3 QFe 
10.0T1—20.0W— 3.0V - 2.ONI- 3 OFe-2O,7Ta

372
77
66
U8

796 
366 
160 
22b

238 
J 85 

uh 
161 
256 
121 
296
106

61 
U6 

3Ub

1.120 
376 
3 Oh 
?bO 
862 
u6c 
935 

XXOMBiTC 
Ex caaalva 

221 
266

lo.OTi-3o.c1w- 3.0V
10.0T1-30.0W- 3.0V -20.0T*

30
22

91
37

231
1.260

1

1959Table E-<

LU72°F

None (Pure Cb) 3,630 6,6 70 2U(000

U8

291 2,26C

Alley Additions
Weight Percent

30u Stainless Steel
316 Stainleea Steel

Spalled
Spalled

260
}8
32

839
131

67 
Spalled 
Spalled 
Spalled 
Spalled

2
5

8
61

107
163

260
156

CMLW-1726
Data; Ma^

20.OTa-20.OW- 5.OV
2O.OTa-20.0W- 5.09 - 5.CM1

5.OTi-lO.OW
5.0T1-20.0W
5 .On-20.0W-20.0Ta
5 0n-25.0W-2O.OTa- 3.0Fe- 2 ONI
5.CTl-25.OW-2O.OTa- 2.09 - 3 0A1

Total Weight Gain, a 
1672*7 1&~2

'ae2/100 Hours
F 2192°F*•> I IIW III I HIM

Union Carbide > tala Company cxidatio i Teot Lata ^~j >

Cb-n-W and b-Ta-W SIS~EHS AMD MOOIFICATIOMS
IOO Hour Weight lain, cg/cii^ f pure Ox^pen Atmo<plere

hi A 
1

(N r



20.0 TL-2O.OIb-2.O®i
20.0 Ti-20t.0Fe-5°0T't

10.0 Tl- 5*0fb-2.OKL
20.0 Ti~ 5.O7e-2.OAX 
20.0 Tl- 9-0Fte-4.0Al 
20.0 a- 9.ORS-4.QA1 
20.0 Ti-12.OFa-4.OAJ.

Wjfe?*F

24,0006,6703,630Saca (Pure Cb)

Alloy Additions 
Weight Percent

30b Stainless Steel
316 Stainless Steel

2
5

8
41

839
131

Tott l Weight Gain mg/oa^/lOO hoars 
2192"?

Dates

JABia 3-7

Cb-Ti-Fa System Mai MBdlficatians 

1O0 Hour Wei git Gain, aa/qng, Pure QeygMi Atmocphere

<31)
XJtaicn carbide Met vis Cca^apy CeCLAatlcn Peat Data

GN1M- 1721* 
May 20, 1959
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Cb-Fe-Al System nad. Modlficatlaps

Ctddetlcn Rate. ifctring afrth Boor of Air Expoeure

Oxidation Bate Durlag 24th Hour

2152 "y

Nichroae 0.3 2.1

Kone (Pure Ch)

Alloy Additions
Weight Percent

. (36)
dnFont Oxidation 'goat Data

10.OFe-19.OAl
2O.OIte- 9.QA1
24.OFe-2O.OAl
lO,6Fe- 6.QA1- 2.OB
2O.OFe-15.QAl- S.OJfc-

5 ■ OFe—10 .GAI-10 .OKI
9 OFe-!.■». 0A1-2S .OF?.

IO OFe-14 .QAl-15 .OCo- 4 .CMo-1.0C«

Very poor

Adherence of 
Oxide Scale

Good.
Sceellent 
Excellent 
Good
Fair
Good 
Excellent 
Excellent

Alloy Additions 
Wei^jit Percent

Total * Weitfrt Gain 
16 aourg at 1B ^2 °F

7.OH- 3.QA1 
2OOT1-1O.QA1 
20.OM- 3.QA1< 2.OCG 
15.021- 5.OA1-15.CMO
23 on- 3.QA1- 4 .om 
i5 on- 4.QA1- i.osi 

5.OT4-10.QA1- 2.59HO-2.5FB
13 5T1- 3.OA1- 3.0MO-2.5FC 
15.on- 4.5A1- 7.<»o-3.5Fe 
29.On- l.QAl-K.Cifo-5 .O»ta 
JO.on- 6.OAX- 6.OM0-8.OV
16- On- 4-QAX- 5-CMo-2.0Fe-3.0Be
5.on- 3-OA1-15-OZr-l.OV -l.OTH

17- on- l.CW - l-5n-O.5Be

b S
-i*5-

Ttehle R—8
(35) 

duFcct CtdLdati.cn Teat Data

Cb-n-Al S.rataa and. Xodificeticos
Percent Weight Gain in 16 Hours at 1832°F in Air

CNLM- 1724
Date: May 20, 195?

I
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(38,39)

of Metal XntertOoe

Sarftuse Raoosaiati 
Ila

«U», 
Houra

daPont-awspaon Product* COddatlan TS«t Date.

GOO-UOTj-lOMp Alloy

Test Sasp.

2000 
2000 
2OCO 
2000 
2000 
2000

Oxidation Rate

Ktehroae 0.3
done (Fare Cb) 22.0

Alloy Additions 
Weight Percent

0.05 
0.03 
0.15 
0.05 
0.01 
0.05 
0.05
0.02

lO.OCr- 15 .(Ml 
15.OCr-2O.QAl 
3D.0CT- 5-OA1 
20.0Cr-15.QAl. 2.0Ce 
19 OCr-ID .0A1-15 .OCo 
aS.OCr- j.QAi- 2.oat 
lD.OCr-lD.QAl- 4.0W 
JO OCr-lO .QA1-15 .0S1-4 .OW-2 .OCe

-h6~
'L9■ <_ -8 *

Balls B-JO 

Cb-Cr-Al gyatm and Mcdlflcatiowe

172h
Date: ?»ay 20, 1959

Oxidation Rate During afrth Boor erf Air Sxgpoeum

daPostt Oeidaticn Jest Bet*
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(38,39)

8OCb-3jDTl-iato Alloy

Dapth of IgterouL Ccdda-tion

Izrtaml Psnetxwtice 
________ »11>__________

Mm, 
Boars

2000
2000
2000
2000
2000

CHLM- 172h
Dates May 20, 1959
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*5-5*

0.5Zr

66.13*
1.6'H

3.0zr
9.fltZr

29-6ir

10 Mi
33 JW

T.m 
20.2X1 
*0.6X1

5-7V 
10.0V 
5-0

0X11

0.11

0.015 
0.01

>0.11
>0.11 

oxy?

Alloy MOltlca 
Walaht <

0.11

>0.11

>0.11
>0.11

>0.11
>0.11

>0.11 
0.11 
0.015

0.11
OXJ0
0X30.

>0.11
0.025
0.02

0.07 
OX*

0.06
0.015

>0.11

f

Binary Alloys

Elqplxccamnt at Nrtal Interfax* la 16 hours at 2000*7

—

C SIM-1721* 
Data* May

(*» 
yaagtoel Metallurgical Corporation OxldatiQa lest Data

a

20, V59
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195?

7M«> W*

Sb
Bnetxwtlon. <M

Cb>31.79» 
Bn*tr*«Lm, Cto

jNW-ira.
□ata* May 20,
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6.iiCo- 0.711 
7.0CO-11.5MO 
6.LC0- 2.OS! 
5.7CO-15.8W 
6J*Co-2C.lW

1. TCo-31.6Ta 
2.3Co-31.0Ta 
14.2Co-2C.8T* 
6.3Co-27.OT* 
7.9Cc-2f.liT*

8.1Cr-lh.6Co- 9.6tf -5.0Ro

A lay Addition 
Wight Pwrront

NflMMMMMW.WWW

1919

Tabla B-15

Fanataol H* tai Ixirgic* 1 Corporation Oxidation Toot Data^0 ' 

cb-cr-co sisrac awv mduificatioms
bi*plae*wnt of Ratal Intwfaoa in 16 Hoorc at 2QOO°F

CWLH- 172h
Datu: Ray 20,
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0.095

<42

>0.11
>0.11

>0.11
>0.11
>0.11

0.105
0.015

13.5Mo-25.8w >0.11

Tibi* B-16

Oieplaoaaant 
OB

MiaCBLUIfOOS TgRMUlT 5TST4X5 KKD modifications
Displac—not of Metal Iiterfaoa in 16 Hours at 2OOQCF

Alloy Addition 
dalght f^roant

Fanst—1 Metallurgical Corxamtion Xxldatioc Ta at Data^°)

CNLM— 172b
Data* May 20, 1959

51

33. 5W - 0.531 
3b. 5w - 1.831

tone

1. 7Cr-
1. ?Cr— 
9.3Cr- 

l?.?Cr-

29.9Ta- 8.8Mo

32.3Ta- l.ifCr 
32.0Ta- 2-bCr 
Jl.JTa- b.5Cr

5.2T1- 8.0W 
15.2T1-1O.8W 
12. on -20.1W

31.9Ta- 2«SZr 
27.1Ta-17.1Zr

2.2T1-32.OTa 
U.6n-31.2Ta 
7.lT3-3O.bTa 
9-871-29-6Ta

31.1Tn- b.9W
27. Aha 15-6*
26.7T*- 8.1W -fc.ZMo

ll.lCr-19.6w

17.6Fa- 8.9K1

5.3Fa-U-2Co
17.6FO- 8.9Co
8.5Fa-20.1Co

-51-
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Txble B—17

10.3 Ho

15 1.2

15 0.18

-52—
2

18.0 w
32.7 T*
b5.9 W
12.9 Cr- 8.8 Co

70
60

3-U 
li.O

9.0
5.25

Alloy Addition*, 
Weight Percent

Total weight Gaia 
ag/ca*/10 hoar*

510
280
220
IhO
115

ho. 5 
22.5 
18.0

52

1.6 T1
Hone (Pure Cb)

7.7 T1
5.8 W

Oxidation Eate During loth Hour
__________ nf /ca^/hour_____________

Fnatnl Metallurgical Corporation Oxidation Test Data^0^ 

20rxj°r Contlnjona weight Pain Testa

cww-iTau
Jatai Maj 20,1959



6.3 Cr- 3.1*51

3.7 Cr- 1.6*1- 2.1*31 
8.1* Cr- 3.7A1- I*.131 

23.0 Cr-10.0Al-15.OSi

3.0 Cr- 1.631

6.1 Cr- 1.6S1

20.9 Cr 
0.9 *1- 0.331
3.3 Al- 1.751
5.2 Al- 2.7S1
7.1* Al- 3.831

non-adherent

Easily fell off
Hard, difficult to remove
XIloy too brittle to 
machine

Very heavy 
Heavy, flaked off 
Hard, easily removed 
Alloy too brittle to 
machine

Hard, brittle, non- 
adherent
Hard, brittle, non­
adherent 
Very hard,

1*^

1*8

60

11
5

1.5
55 
1*9 
19

1*2 
0-13 
0.6

-53-

r3

j

7h2

Table R-18
CKIM-1721*
Date; 'fay 20, 195?

Nuclear hetala, Inc. Oxidation Lest Data^1 1

Average Weight Gain After 2 Hour ISOO0? Air Exposure

Nature of Scale

1*3None Heavy, flaked off

36O.Q2A1

pyrophoric

55 
1*3 
31 
7

o.oece
O.9OCe 
l.SOCe 

ll*.?OCe

Alloy Additions
Weight fttreent

. Average Welg.it Gain
■g/ffln^/hr 

1800°F
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Table B-19

177-382None (Pure Cb)

37-12515 O'Ta- 5.0Ho

25615OTa- 5'0*

109lO.OTi-UOOV

308ZO.OTa- L-OM0-3.OV

2U2,0Ti- luOCr-U-OAl

-5U-

54.■'42

15.OTa- 5.07 
20-OTa-100V

Total weight Gain 
hours

121
127
120
126
132 
lob

5.0Ta
15. O'Ta 
30. O'Ta 
50.0Ta 
60.OTa
70.0Ta

102
U 1*03

21>h
20
U5

5<-OTi-15-OfTa
lO.OTl-aOo'JTa
!O,OTi-b0~0Ta

Alloy Addition 
weight Percent

Kennecott-Battelle Oxidation Test Data
16 Hour Weight C-ain, ag/ca2, 1BOO°7 Air

CMIM- 172h
Dates May 20, 1959



Powdery

lb 3 2 °F

UO 105 5 5

Average H, 
____  ag/ci 
1832°F

3 IMA IT ALLOTS
Average Welgnt Gain ■g/c«‘7nr, air Testing

Scale Rating 
2192**F

4»ht Gain 
’/hr

2192°F

-55-

’^2 55

0,8 Ge 
1 6 Oe 
1-0 Ge 
8 0 Ge

2,1 lr 
l*.l lr 
9 9 lr 

18.8 lr 
W-9 lr

0,7 Cu 
1 b Cu 
3-5 Ou

0 6 Cr
1.1 Cr
2-9 Cr
5.9 Cr

10-3 Cr

TaSie B-2O

Flight Propulsion -a^oratcrv xlcLitioi Test. Data

CNLM- 172L
Data: Ma- 20, 1959
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Very vitreous scale

Powdery

16J2°F
5cale Rating 
“T ~ 2192°F

CXIM- 172k 
r&te: Hay 20, 1959

2-0 W 
3"? w 
9.U w 

18 .0 W
39-8 W

0.6 V 
1-1 V 
2.8 V 
5 8V 

15 5 v

0 .5 Ti 
1,0 Ti 
2-6 Ti 
5oU Ti 

lh.7 Ti

19 Ta
3-8 Ta
9.3 Ta

17 8 Ta
39.3 Ta

1.0 Zr 
2-0 Zr 
h-9 2.r 
9 8 Zr 

21*-6 Zr

Average Weight Gain
2192°F

Oxide Volatilisation
** Molten Oxide

-56

I 
f Tao

(Continued'

52
51
52
51
32

52 
hO

135
97

103
103

80

90
1OO
85
80
50

85
105

U2 
37 
36 
55 
53

57
53 •
51
50
U3

10
11

100
87
82
55

100

35 
k5 
UO
214

110
115
83
55

96
70
90
90
95

70
75
92
95

mg/cm2/hr 
18'32°F

32* 
36* 
36* 
2k*

65
95
70
55
85**

50*
63Z
55*1*0*<r

Alloy Addition
Weigh' Percent

■

M
U

itr
ui

N
N

rlrl

3 N
W

FU

vn
vn

w
i v

n

P"
\*

» n
n

n

C
M rlK)

 L*>

<*\-3

»

H 
C
M M C

M
*I

tr 
u»

 v
* \

A

CM C
M riUM

A

<3
1

U
t£

r£
-C

-\n
V

i\n
c-

v»
h-

h
 o

U>
 O

CD
C-

H
 O

ss^ss 
O ChlACM H

 
r 

- 
<■ 

e 
c 

CM 
C

hoo O
H4

X!

'C
K

JH
O

O
M

U
i b

iO
\a

M
ka

U
ui

fc
- 

ut
vm

vi
Kn

K8

C
O U

\ C
M O

t



1

Table £-21

Goments

None 20-36

20. OCr - 5. 0Mo lh

S-OFe- 5-OGo 30 Olive drab scale spalled in cooling

5.0Cr- LioOAl-loOTh 11=7 Olive drab scale spalled on cooling
5-0Ti- 5-OCr-5„OAl-5,OCe 60 5 light brown scale easily rewoved

I

1

.\2 57-57-

J

10o6
19=7

fellow scale easily renoved 
Pink scale spalled on cooling

Ivory, gray underside, spalled 
on cooling
Greenish yellow, brown underside

17
9=1

25-OTi- 2 0Mo 
25=0Ti- 20OMo-l=OTh

Alloy Additions 
Weight rareant

10..0Ti-10„0W
25=OTi-lO.,OW fellow scale splintered on cooling 

fellow scale spalled on cooling

Average Weight Osin 
ng/cn^/bour_

CHLM-17211
Data: May 20, 1959

Horizons, Incorporated Oxidation Test Uata^^U?) 

Air Kayos ure at 2OOO°F



Oxide Phaaaa

Nona 1652 160 15-8 Cb2O5

29U

7102* 3Ct>205

/

-58-
'2 r8

Alloy Addition 
Weight Percent

1652
1652
1652
1652
1652
1652
1652

1652
1652
1652

22*0
215

1580
1580
1580
1580
x58O

.383
550
22^0
235

2.7 
2.2* 
2.0 
1.6 
1.9

As Cast 
Hardness

VHN

295
276 
2*25

2.2* 
2*.2 
loO 

loO 
lc.2 
3.5 
0-8

Cb205
(*205

5>9Ti-10,8Cr 
6. 371-19.8Cr 
9-3T1- l*.2*Cr

12 OTi- 2*.9Cr 
19-671- 5o5Cr 
21.2Ti-10,7Cr 
27.8T1- 6.6Cr

l-7Cr 
6.5Cr 

12-9Cr
10.3
29.2
7.5

loan 
19 571 
27.211 
35-8T1 
50. OTi

Weight Gain Ra+.e 
ag/cn2/hr

TiO2*Tx023Cb20s
TtO2*T102» 300365

Test Taap.
Op

CbgOS
TLO2^T1O2’ 3Cb205 
T1O2*T1O2'7 Cb20c^ 
T102*TlO2“Cb2O5 
T102^T1020Cb205

CHLM- 1721*
Data* Maj- 20, 195?

Tfcble B .22

Ohio State University Oxidation Teat Data
Cb—Ti, Cb—Crt and Gb—Ti-Cr Sya'^et:

Weight Gain Rate Durxng 2Oth Hour oT dxposure



Alloy Additions 
Weifpx Baroaat

35-OZr 
kO.OZr 
*5.OZr 
*7.OZr 
65.OZr 
k5.OZr-5.TEl

Tf'.ble B-?J,

Cto-5O.8Zr-2.7Tl Alloy

Ccntlnuoun Weight (Mln Pat*

Ciaailatlve Wei
ie^t-------- _

Tine,
Bow

•1 «p - (Mln, 
lE^PT

Otxlo State nfal-rerwltjr Oxidation Tnt Data..

— —

num B-23

Cto-Zr and Cb-Zr-Tl Sy teas

Weight (Mln Bate Alter Bapoaure

(k8)
Ctiio State Utaiwrdty Chddatlcp Teat Data

'WM-172U 
□atai May 20, 1959
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Total Gain
•/hr

44.6-58.9

Mature of Oxide
Color

White

White 
White 

Whlte-yellm

White
White 

Tellov-ehite

White

U^xt Green
Violet
Violet

White
White

White-ye llor

Li£xt Green
Li#rt Ore—

Ten

Gray
Gray
Gray

Ten-bro—
Litfit Green

Violet

White 
Li#it Ore— 
Bro—-gray

A

Mixwllane— Binary and. Ternary Allays

One Boor Weight Gain in lfiOO*F Air

•table B-25

Battalia N—oi<al Institute (hrtdatlon 7—rt. Pat^^°^

CN1M-172U
Datet May 20, 1959
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uo.e 
bl.9" 
39.2

0-56 
2.9 
6.2 

U*.O 
ia-6 
23'9
30.1

<0.06 Fa
0.2fa Fa
1-15 Fa

Weight Loaa Rata

32-0

32.li

ii».Q

19 k

167.0 
lua. 0

i? a 
26 la

64*-l
58.7
55-6

S4-5 
130.0 
70.3

59-6
68.6 
?9-8

U9.7
55.C 
4*7.5

5X.0
52.3
57.a

4*5.0 
u5-0 
66.0

56.5 
129-6 
70-1

90.1
88.7
90-6

I
5-3 
f-

Qaln Mata Avara<

0-U2 m

.12 Ma

.59 Ma
3-0 Ma

Maalnal

Mona ■OM

F.2 Al

<.O1 3a

0.02 Ba
0.10 Ba
0-51 Ba

0.02 B
0.12 B
0.61 B

0.02 3
0.12 B
0.61 B

0.13 Co 
0-66 Co
3 -3U Co

1-Llojr Addltlona
»al<bt, Farcaart

Cor roctad

0.05 Al
0.29 Al
15 Al

Tabla B-26
.^ru<-i7a
Dat»i May 20. 1959
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Zl.il
1*6.5

103.0

n.o 
135 O 
101,0 

U9-5 
30-0

51*. o 
26-0 
9k O

30.3
58.5 
U6.3

;-r°F1H2°F

•*

o 0.9

o 0.3

(•) (a) 7-0

(a) 13-9 399 O

£2

5.0

7 9

95.3
33.2 
b3«8 
66.9

8'3 
0-6

9.U
1.3

101*.2
77.8
55.0
26.5
2.1

32-3 
11-0

1U-2
7-2 
7-0 

27-1

11.0
9.8

O 
19-3 
1.2

106-9 
LU2 5 
137.8 

86.1* 
60 5

132-2
139.7

72 5 
253.1*

Avwraaa Mal^ht .Rata

OnX-1721
Da tot May 20, 1959

I

Averaga ■t Qalo Rata

1112°* 163 .‘°F

Aa Cast.
Kardnaaa

VMM

Tabla S-26 
(CoatiflMd)

Alloy ASOltloaa 
baiWeight Parceat 
■final

1-93 Ta
9.3 Ta

17.8 Ta
39-3 Ta

0.03 31
0.21 Si
1.14* 31

o-o6 Si 
0.30 si 
1-56 Si

o.ij m 
0.63 «1 
3-2 *1

<.06 U 
0.31 ■! 
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b-9 lr 
2b 6 Zr

9.4* W
39,8 W

0.6 Fe

O.59tta

0.6JM1

k» 
1-5 Al

5-2 Mo
25-6 No

2.9 Cr
15-7 Cr

0-24*Fe

0.04*Nb

0.31*1

0. 2151

None 
<0.2 Al

9.h *
39.8 W

U-6 No
22.5 No

2.4* T1 
l*-7 T1 

13-6 Ti

2-5 V
41.857

13.05*

1.7 Cr
9.1 Cr

9.3 Ta
39-3 T.

U.9 Zr
2k 6 Zr

CoF=«’-cc

Allay Addition 
Weight r*arcent 

McxalnKl ----- ---------- Coluatoiaa

0-31 31-4*9 66.2

31-810.09 68-1

21*. 2 71.77

0-01* 30.96 69.0

060 67.9315

1 34*

6.1 18.1 52.7

4».5 
21* 0

6.0
21.2

1.4*0
4*02

10 0

9-4*0
4*0.0

0. 22 
2-56

25.5
21.6

27-6
23.3

66.4*
55-5

O 
0.05

28-0
23 7

1-SC 
4*. 03

70.0
54*. 2

60-6
36-6

30.0
23.ii

70,6
72.29

C heel cel Aaalyaia of 5cale 
height rercent 

Oxygen

5

5

5

5

IO
IO
5

5
5

5
5

5
5

5
5

ixpo*vr» 
TUm 
Moure

5 
IO 
20

20
5

5 
1

- — —— —-■ 1
“■

Tat>le 4>-27

Analjraxe of Oxide Scaloa >'oread at 12* 72°F la Air

• lb*Celle Meer rxal lasiitute Oxxietion 3 eat lata 
auuar juhjxs ■ 3» 5o. 51)

3WLX-1724*
Dates May 20, 1959
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0.013
0.013

0 013 
0004 
0.028

> 0.10 
>0.10 
>0.10

>0.10
>0.10
>0.10

> 0,10 
>0.12 
>0.10

-u0.12 
>0.14 
—0.10 

0.05 
<0.005

>0.10
>0.10
>0.10

0.053
>0.1
>0.1

0.031
>0.1
>0.1

0.032
0.049 
(•)

0.054
0.052
0.043
0.015

0.O37
0.028
0.044

0.075 
xjO.067 

0.041

5
20
5
5

> 0.10 
>0.14 

(a) 
(a)

1
5

io
0.067

>0.12
>0.10

0.0061

/-64-

1959
lai la 3-28

Hour* ■•iouj'B
Alloy Addition 
Wai aM: Pareant

Initial 
Hardness 
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Hay 20,
CWDW724 
Data*

Battalia Manorial InaMta-Xa O>i-aat:.on Tost JData^*^0*^^ 

3IAARX ALLOTS
Uapth of Coot a al ria tad Metal, Cantinetars

H12°F Mayoaura 
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0.100 
(a) 

0 006 
0.006 

< 0.005

0.068 
>0.1 
>0.1

0.054

0.050
0.012
0.013

O
<0.005

0.076
0.086 

>0.1
0.029

0.063 
>0.1 
>0.1
0.050

0.154
0.065
0.06J
0,058
0.060

0.065
0.01*2
0.032
0.052

5
5 

IO 
20 
20

0.056 
0.037 
0.036 
0.018 
0.021

5 
lo 
10
1

5 
io 
10

5

-0.12 
>0.14 

—0.10 
0.01

0.042
0.046
0.037
0.018

May 20, 1959Oatet

2832°? Exposure 
Houra Depth, ca

-/J72OF
mptura Depth, aii

2 e5

Hours ca

-65-

0.009
0.008
0.006
0.012

0.016
0.006
0.007
0.008
0.007

0.008
0.006
0.008 
0-016 

<0.005

0.030
0.028
0-030 

<0.002

0.007
O.OOfi
0.013
0,020

0.56 V
2,80 V 
5 73 » 

15 63 »

1.93 Ta
9-30 Ta

17-80 Ta
39-30 Ta

Alloy addition
Weight Percent

H12°F Exposure

Taole h-26 
(Continued)

Initial 
Hardness 

KHH

HX
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<

20, 1959

Ta^-U fl-29

3JJAHT ALLOXS

Activation ine For Oxygen Dllfualcn From Air

Alloy Sy»t— Activation Knergr, Q

Cal/uola

I

4K

86-2

Ptuv Colunblu*
CoXi1 T rmwi
C cluablu»-C o oalt 
Coluxnbiun-Chroraluzt! 
Coliuoblux»-Iran 
C oluablwa-Manganaa a 
Coluafclim-Nifftol 
Coluablxm-T mtalun 
C olunbixns-Titanl'un 
Columblua-Tungaten 
C oluablua-VanadluBi

f

Battella .Manorial InavLtuto OxAriatlon Tost Da’ta^*

21*, 900 
28,000 
21,700 
21,300 
26^00 
23,000 
21* ,000 
35,100 
30,800 
21*,U00 
31,600

CVLM 172L
Date: May



-'36 
15O*»

17O*»

27
22
17 
15 
22
33

1330***

33
25
15
23

13DM 
130*t

r2able £-30

Ccntlnnoas Weight Gain Teats at IfijS T

Rata

/hr

0.99 15

O

Ac React;
•/CM. ,ZnlB

‘Hat for nraualticn 
to Linear Rata, 

□icBitoe

36
37
15 

750**

6.8m 
12.9»* 
h.TM 

150.O__

Linear Reaction Total Five
Bata Hr. Ut. Gain

CNW-172U 
Date; Kay 20, 1959

, (3,30)
Buddle Hsncrlal Institate Oaiaatlco Teat Data

9-6Zr
2*.6Zr 
>-6Zr 
U».62>

1.96W
9.h V

18.0 W
22.0 W

Alloy Addition
Weirtxt Percent

•2-67-

•Corrected. Oaqpoaitian 
Mgxtrapolatad veil mo
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9.6 Re O

-68-
2 c8

Corrected Composition 
Extrapo1 ated Values

9 8 Zr 
2U 6 Zr 
3lj 6 4r 
Uli 6 Zr

19 3
37.5
26.7 
19 7

17.0 
10 7 
13=1

0
80

180
>360

0
20
30
25
10

10
15

1*8.7 
31.2 
27 1*
15'9

79
1*8

1 96W
9 4i W

18 O W
22 .0 W

5.1* Ti
11.14 ti
11*7 n
18. 1 Ti
21.7 Ti

15o6 
9=1* 
3=7 
l*=0

20
30
15
50

35
30
50
55
20
35
0

15
20
55
35

1*1
23
10.5 
10o0 
17 6

36 
21 
23 
•9

36
147

91
53 
27 
27 
39

63
2*3
37
29

80
71
52

10o0
3=2
3.6
5.0

9 5
5.6 
3.0
14.3 
U-5 
3.1***

2.8 V 
14.26V 
5 73V 
7 25V 
8.82V 

lO h V 
15 b V

17 9
15.5 
15=2 
214 6
28.5
68.8

198

70**
13=5
6.3

1414 
1*3
36
37 
57

115 
1*00**

68**

1U0**
1*5
35
39

0.60 Fe
3.10 Fe

2.6 Mo
5 2 Mo
7.7 Mo

10.3 Mb

2.0**
3 = 2**

130**

-

Table B-31
Bat telle Meaaorial Institute Oxidation Tea t Da ta >

Time for Transition 
to Linear Rate 

____ Minutes

laraboLie 
action Rate 
igf/ceA/ein

Linear Reaction
Rate ■g/ca^/hr

Alloy addition
Weight Percent

Total 5 Hour 
Weight Gain

■g/ca2

CNIM-17211
Datet May 20, 1959

aiMARY ALLOTS
Continuous Weight Gain Tests at 2192°F
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Sattelle Mono:

TERZiARX ALLOTS

Rate of Weight Pain and Weight Loss

Ldj2°F H12°F
None 115 5,7 26. 233.7 18.6 72.6 32,0

0.16A1*12.1Cr- 287 0,61 1.6 11.8 6.6 2,8 21.3

6 6Cr- 0.031U* 258 15 35 8 6,623-0 79.9 67.1
11.3Cr- 2651* 325 0.72 23.69.3 3.6 36.6 61. 6

0.18

0.08

36
6-?Cr-10.3 W * 279 Oc 12 8.1* 10.2 0.52* 30.5 71.1
5 2M0- 0.3 ai 172 3.60.19 1.9 0.12 6-2
5.2Mo- 3.2 Hi 256 0.65 3.2 7.2 6.6 13 62.9
5.2Mo— 0.3 Si 235 0.09 97 15U 6.1 1*0,323.1

221* 13 1*0„ 13 22.1 3.7 66,636.9

0.86192 6.6 31*.0 2.6 17.5 71 1
21 8Ta- 6.6 No 186 7.60.10 6.6 0.2 18.1 11.3
9 5Ta- 2.7 V 188 16.20.09 7.3 6.6 30 0

161T1- 0.3 Al 166 0.16 0.97 6.0! 0.56 5 6
13.611- 1.6 Co 213 0.08 0.72 3.7 5 1

0.60

-69-

69Mo- 9.6 W 

2261*- 61 Cr*

1 6Cr- 2.2 Mo* 
O.BCr- 6.6 Mo* 
l-3Cr- 6.6 Mo* 
6.2Cr- 5ol Mo*

151
165
183
180

165
166
207 
201 
303

6.1
6.6
6.5
1.7

7.7
2.5

12.5 
I606

7»1
110
21.0
1.8

I

155
166
196
279

8.7
7.7
2.8
3.6
0.56

2.6
1,8
1.7
6.1

As Cast 
Hardness

VHN

15.6
9.5
8.2
8.7
5.8

5.0
2.5
3.9
5.3

6.5 
10 
1..6
5.6

0.63
0.17
0.22
0.12
0.05

Or 09 
0 29 
0.26 
0 08

0.16
0.16
0.13
0.10

13.0
1.0
2.6

17.1

0.28
0.21
0.21
0.05

13.1 
8. 7 
3.0 
6.0

11.0 
36-2 
6.2 
8 6

26.2
16.6
16.2
15.5
9.0

Ta^ie 8-32

Institute uxidation U'est Data '3,30)

Alloy Additions 
Weight Percent

Average neigqt Gain Rate 
sig/caiyhr 

1H2°F

Average I 
"s/cnyhr

1672°F

5. in- 0.6 Cr*
10,611- 1.5 Cr* 
6.9T1- 2.2 Cr
2 8T1- 2.6 Cr*

Weight Loss Rate 
TgeVhr -----------

1832°F

CNLM- 1726
Date; Msy 20, 1959

0.2Cr- 1.1 V * 
l.OCr- 1.2 V * 
O.6Cr- 2.1 V * 
0,2Cr- 2,1 V * 
8.5Cr- 2.9 V *

^eifi^t

lb?2°f



6Tx 
,l*Ti 
,l*Ti 
„l*Ti 
.l*Ti

12
5
8

11
5

10*8Ti-10*l* W

lOOTi- 1*5 * 
2,711- 2,9 V 
56T1- 3,0 V 
8,6Ti- 3.-0 V 

11-7T1- 3,1 V 
1,3T1- U.3 V

6*lTi-23*l Ta

U**1T1- 0*3 Si

13 UT1- 1,1* M 
150T1- 3,7 Ml

13 5T1- 1.1* Fa

Average Weight Loss Rate

1832°F1112°F

U 80.10

0.12

1*7 2*1* 12,1 
1*1*

IS 3

1**1
31
5*8

35.0
21.8
11.6
3.6

23*1

•ag/ca^/hr 
11*72°?

1-1*V - 2,6 No 
1*1*V - 5 *2 Mo 
2 8V - 2 6 Mo 
2.8V - 5*2 No

1H2°F 1832°F

O* 83 3*6

0.18 1.0 3.9

5.80.10 7.9

1,8 2.80.11

2.1*
1.6
2 8

1.1
0.68

7.9
7.5

9*7 
7.3 
3*5 
1.7 
7*1

14*1 
l*.l 
1**3 
3-2

3.1*
5.5 
l*.o 
3*3
2.8 
1*.3

7.1
3.8
3.1
2.7
3-3

O„ll 
0.10 
0.16 
0*12 
0.10 
0,11

0,21
0.15
0.19
0.12

1.1*
2.1
3.5
1.5
0.91*
1*6

Average Weight lain Rata 
:u;7ci?7hr

U*72°F
Alloy Additions 
Weight Percent

168

198

11*3

198

11*9
161*
166
197

168 
170 
179 
193 
191* 
185

215
253

As Cast 
Hardness

VHN

166 
311* 
212 
185 
225

• Composition corrected on basis ol weight losses during Belting

* Specimen gained weight

20.2Zr- 2-8 V 267 O 68 7.8 18.8 31*.720.1 2.1

13. IZr- 6*9 Ti 0,01* 10*5197 1*7 1U 93*0 11*9

5 9* - 3*1* “I 0.15 l*.l299 5 01*1 0.37

0.36 32,62 TV - 9.6 W 9.8 36.1* 95 8227 0.97

12 UZr- 5.1 Or* 13*837.0299 3*2 5*9 23*3 73 9

Table B-32 

(Contin; ,d)

CMIM-1721*
Date: May 20, 1959
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□ate:

Institute

TERNARYALLOYS

Continuous Wei.fot Gain Test> at 183'°F

L/min. nsr/i

0.1*7 >360 11.9

l*-5v -5.9mo*» 0.66 >360 11 «9

Composition corrected on basis of spectographic analysis.

-71-

71z

5o8ri-2o9v *

9.1T1-5.3V *
lh.3Ti-7.lv *

>360
>360
>360

2.9
2.3

10.1

5.0
3.0
2.3

18.3
16.2
15.3

Tina for 
Transition 

to Linear Hate 
Minutes

70
30
25

15
60
U5

30.6
13.6
12.6

6.6ri-0o9Cr* 
11.511-1.30 r» 
17.3Ti-h.0Cr»

Parabolic 
Reaction Rate 
mg2/<

6o5Ti-U.liMoe 
9.8Ti-6.7Mo» 

13o3Ti-9.3Mo*

0.91
0.52
0,82

1.1
0,83
0.77

0.83
0.13
0.19

20.3
15.7
1*6.5

Alloy Additions 
Weight Percent

6.2Cr-8,lMo**

Battelle Manorial

Total Five Hour
Weight^Gain

CNIM-L72L
May 20, 1959

Tibia 3-33

Oxidation Test Data^* 3°)

Linear 
Reaction 

Rate 
cnr/hr.

♦* Coapoaition corrected on basis of weight losses during aelting.



210 5.5 26.6 .

■

TER-<’ART ALLOTS

0.8

6.1

* Cos^oaitlon corrected on basis of spectrographic amlyals.

-72-

r^2 7?

L

1.6
1.1

Total Fire Hour 
Weight Gain

Battelle Manorial Institute OxJdatinn Test Qata^

2.8
3.9 
U.O

5.0T1-2.9V ♦
9.1T1-5.3V •

lU.3Ti-7.1V •

6.6ri~O.9Cr*
11.5T1-1.3C**
17.3TiU*.OCx*

Tins Tor 
Transition 

to Linear Rata 
Minutes

Linear 
Teaction 

RataAlloy Additions 
Weight Perosnt

Parabolic 
action Rata 

aar/min.

6.5T1-U.UM0*
9o0Ti-6.7MO*

13.3Ti-9.3Mo*

8.9 
UJ* 
U.S

U.57 -5.9Mo**

Continuous Weight Gain Testa at 2192°F

6o2C^.1Mo**

CWIM 172b
Dator May 20, 1959

•* CoacxMiitlon corrected on basis of weight loss during naltlr^.
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C 111 
c 1*5 

Brittle

5.0 Zr 
10.0 Zr 
15.0 Zr 
20 0 Zr 
25.0 Zr 
30.0 Zr 
50.0 Zr

Allay 
Addition 
del«ht

0x1 d.

"Rato""0*

alla/honr

1.1*0 
Oxld. 
0.70 
0.1*2 
0.50 
0.83

0.1*2 
0.17 
0.33 
0.13 
056 
1-00 
0.1*6 
1.10 
o 53
1.20

Oxld.

0X1 d.

Dloplaeeaerrt 
Rato 

aila/hoxir

Rockwll 
Hardness 
As-Cast

2.00 
Oxld. 
0.1*8 
1.70 
0.51* 
0.1*2 
0.87 
2.30 
0.58 
1.1*0 
0.58 
0.12 
0.01*

195?
Tabla b-3>

Stanford Research Institute Oxidation Teat Deta^3^ 

BIKART Allots

Hsf of Dlaplaneswnt of Metal Interface at ZOOCPt

20,
CMIM-I72i» 
Octet

Alloy 
Addition 
Wight 
Percent

-73- •2 73
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Xi

Data*
Tabla b-jA

YT.Vn.- 7.0Cr-10.0Pa

C 1*6

-2 714
-71*-

f

o.uu
0.11*
0.16

Rockwll Kardneaa 
11-Cut

17.0T1- 7.OCr
30.071— 7.0Cr

0.16
0.16

lo.on- 5.ocr- 5.07 
10.on-10.OCr- 5.07 
10.071-15.OCr- 5.07 
20.on- 5 .OCr- 5.07 
20.0n-10.0Cr- 5.07 
20.071-15.OCr- 5.07

10.071- 5.OCr- 5.CXI 
10.an-10.0Cr- 5.CXI 
io.cn-i5.ocr- 5.cxi 
ja.on- 7.oer- 5.CX1 
1*0. on-lO.OCr- 5.011 
35.on-i5.ocr- 5.cxi

Allay Additions 
Wal<tet Fareant

Bate
■Ila/boor

10.071- 5. OCr- 5.OW 
10.O7i-10.0Cr- 5.02 
10.0Tl-15»OCr- 5.0K

10.071- 5.OCr- 5.081 
10.071 -lO.OCr- 5.031 
lO.O71-15.0Cr- 5.031

0.16
0.25
1.1*0

0.67
1.50 
Oxld.
0.70
0.60
0.1*0

0.20
0.27
0.06
0.33

Stanford Kaaaarch Inatltwta Qxldatien Tent Data^^ 
Cb-n-Cr STBTgH AM) MOOIFICATIOMS

Rata of Olaplacaaatnt of Metal Intarfaea at 2O0O°F

2o.on- 5.0C1- 5.on 
20.0n-10.0Cr- 5.o«l 
20. CT71-15.0Cr- 5.0m. 
17.on- 7.00-10.021

lo.on- 5.0Cr-2O.OTa 
lo.on-10.OCr-20.07a

10.071- 5.00- 5.0Co 
lo.on-io.ocr- 5.0CO 
10.on-15.0Cr- 5.0CO 
17.cn- 7.0Cr-10.0Co

CNM- 172i*
May 20. 195?
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Hay 20, 1959

.iockwwll Sardnaaa 
Aa-Caat

Diaplaoaaant
Bata 

ml la/bow

CMEM-172U 
Data i

Tabla B-36

(C'ontlanad)

Alloy Aditlora

Uo.on- 7.0Cr- 5.0*1- 3-OCa

35.0n-lO.0Cr- 5.0*1- 5.ON

2O.cn.- 7.5Cr- 5.0*1-10.CTa

37.0T1- 7.0Cr- 5.0*1- l.OZr

25.0T1- 7.0Cr- 5.0*1- 5.0W -5.0Co

-75-

I

20.On- 5.0Cr- ii.OAl- l.OZr-5.0W
20.on- S.ocr- 3.(Ml- l.OZr-5.0W

35.on- 7.0Cr- 5.0*1- 3.0Kn 
1*0.on- 7.0Cr- 5.0*1- 3.0Mn

35.on- 7.0Cr- 5.0*1- 3 OKo 
25.on- 7.0Cr- 5.0*1- 7.OMo 
20.OTi- 7.5Cr- 5.0*1-10.OMo

I
I

22.5n- 7.5Cr- 6.0*1- 5.0Mo-l*.0T 
27.5n- 7.5Cr- 6.0*1- 5.CMo-l*.Or 
32-5n- 7.5CF- 6.0*1- S.CHo-b.OV 
37.5T1- 7.5Cr- 6.0*1- 5.OM0-L.OV
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Dlaplanwant 
Rate 

nlla/bonr
Rockwell Hardnaaa 

Aa-Caat
Alloy Addltlona 
Weight rarcont

2.5T1-19.5T* 
l*.0n-19.2Ta 
6.3T1-18.8T* 

10.0T1-18.0T* 
io.cn-20. or* 
I5.8n-i6.8ra
25.on-i5.or*

•2 ?6-76-

18.7Ta- 1.6Cr-5.ORn
18.5T*- 2.5Cr-5.Ota
18.2Ta- l*.0Cr-5.CMn 

' 17.7T*- 6.3Cr-5.OMn
17.OTa-X0.0Cr-5.CHn

Rockwell Hardnaaa
____ Aa-Caat

C 4*3 
C 19 
C 31 
C 21 
C 52 
C 57

Rate 
ml la/ho  tzr

1.2
1.3
1.3
1.1
0.8

20.OTa- 5.0Cr 
19.5T— 2.5Cr

- 19.2Ta- U.OCr 
18.8T*- 6.3Cr 
18.OTa-10.0Cr 
16.dTa-15.8Cr 
15.OTa-25.0Cr

Alloy Addltlona 
. w*l<bt Percent

Table B-jfc

Stanford Roeearch Inetltnte Oxidation Teat Data^3^ 
Cb-Ta-Cr SYSTEM AMD MQDIFICATIOWS

Rate of Diaplacenent of Metal Interface at 2OQO°F
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May 20, 1959
Tabla B-37

Stanford Reeearch Inatltnto OxlcMtlon Teat Data^3^ 
Cb-Tl-T* SYSTEM AMD MODIFICATIOHS

Rato of Diaplaceaant of Metal Interface at 2QOD°r
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■lock-well Hnrdneaa 
_____ Aa-Catrt

Diaplaoaaent 
Rat* 

ml la /hour

U.5Zr-18 ,0*1- 5.OA1
9-5Zr- 9.5T1-1O.9AI
9.8Zr- 9.8*1- b.LiAl

Alloy Additions 
Haight Percent.

5.0Zr-15.0Tt 
5.0ZF-2C.OT1 
7.0Zr- 6.OT1 
7.0Zr—23.OT1 
7.0Zr-38.0Tl 

10.0Zr-10.0Ti 
lO.0Zr-15.0Ti 
15.0Zr- 5.0T1 
15.0Zr-l*0.0*l 
I5..ozr-5c.on 
2O.0Zr- 5.OTl 
20.OZr-10.OTl 
2C.OZr-15.OTl 
2O.0Zr-2C.CTi 
2O.0Zr-25.0n 
25.ozr- 5.on 
25.0Zr-10.0n 
25,OZr-15.0Tl 
25.0Zr-20.0n 
25.OZr-25.On 
35.OZr-10.cn 
35.OZr-2C.On 
ho.ozr-io.on 
5o.ozr-15.on

May 20, 1959l<ate>

Tabla B-39

Stanford faaeareh Inatitcta QMdatlon Teat Data^ ^3) 

Cb-Zr-Tl 3T3TEM AMD MODIFICATIOMS
Rata of Dlaplacaemnt of Matal Interface at 2000°?
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