
C 

( r 
( _ 
_ ....J 

, 
C) 

c.;' - ... .... 

JUN 2 9 1964 

I 

~-: II'I., ESEARCH INSTITUTE 
c_j .:::.r 

lorn ~rly Armour Research Foundation of Ill i nois Institute of Technclogy 

II 

(') ' 
= 

I I I' / 
~ \.. - I 

OJ ! 
l'-- /-

Technology Center Chicago, Illinois 60616 

r-., < J 

('J 1 

'r -·i '' .. ' , ... ("' 

~£ ~ L ·:.. 

~ 
- ~....;:... J _..!). 



DISCLAIMER

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal liability 
or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or 
favoring by the United States Government or any agency thereof. The 
views and opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or any agency 
thereof.

DISCLAIM ER

Portions of this document may be illegible in electronic image 

products. Images are produced from the best available 

original document.



DISPERSION-STRENGTHENED VA. LA.DIUM ALLOYS 

ABSTRACT 

Vanadium-columbium base alloys containing additions of 

t itaniu m , zirconium, or hafnium in combination w · th up to 0. 2w/o carbon 

were prepar e d by arc-melting and fabricated to sheet for elevated temper­

a t ure creep tests . Compositions based on V-60Cb and containing titanium 

or zirconium with carbon had good fabricability , but V-60Cb-1Hf-C and 

V- 4 0Cb-30T a -C alloys w e re difficult to work. Cr e ep t e sts conducted on 

s ili c oni z d s pe cime ns in 2000 ° F a ir showed that lar g e carbon additions 

(0. 1 and 0. 2w / o ) produce d i ncreased cr e ep rates i n V-60Cb bas alloys . 

The mos t cr eep r esi stant composition was V-60Cb - 10Ta-1Zr-O. 075C 

wh i ch xhibite d 1. 25 p e r cent creep in 2 . 5 hours under a stress of 11, 200 

psi. This alloy and othe r m a terials which elongated less than 2 per cent 

during th e 21)00 ° F air exposure w re found t.o r tain most of their original 

strength and du ctil i :y wh e n subsequently teste d at or near room temperature. 

Ele ctron microscope studies revealed that th more creep resistant alloys 

contain d a fin e ( < 0. 2 micron) spher o idal disp rs e d phase within th,e grains, 

whe r eas alloy s with high e r cr e e p rates contained grain boundary precipi­

tates. 

A series of powder metallurgy alloys based on V-60Cb-1 Ti 

and containing oxide or carbide dispersants was prepared to evaluate the 

compatibility of various disp e rsants with the vanadium-columbium alloy 

matrix . The hydride process was used to prepare the alloy powders which 

wer e blended with the dispersant powders, compacted, sintered, then 

anneal d at 2000 and 2400°F. On the basis of microhardness tests of the 

alloy matrix, hafnium and zirconium carbides appeared to be the most 

stable at 2400° F. 
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D.SPERS: O i-STR E NGT HENED V.ANADIUM ALLOYS 

I. INTRODUCTION 

This r e po:- t s umm.a r iz s the wo r k p e :-fo ::: med during th e period 

D ece rnbe :- 14 , !962, to D e c e mber 13, 1963, 1 nder Cont:ract N600( 19}-59567, 

ntitl d " Dis pe rsion - S t::- engthened Vana dium Alloys " (!ITRI Project o . B6007}. 

Va nadium a lloy d ev lopme nt studi s to date ha :ente r e d on compos i tions 

cont ai ni ng 20 to 60 w / o columbium which ar e h igh l y wo:-kab l e and w e ldable 

a nd hav e excellent s t!" ngth -to - d e ns ity r a t ' os t o a'; l a st 2400• F. Silicide ·· 

ba s e c oati ng s for these alloys e x h ibi t e xce ll e n protectiv e qualities to well 

ov e r 24 00° F und r s atic a nd dynamic c o ndiLio ns. To fur ther increase the 

usefuln e ss of th e s e alloys, an improveme nt in ~h e long-time e levated-

te mp r atur e p r op e t i e s m u st b e m a d e . Expe::- im e nt al work under this pro ­

g ram is aim ed a t u ili z ing dispersion - str ngthening m e ban.isms to accomplish 

this objective . 

P revious vanadium alloy s t udi s have shown that compositions 

i n th v a nad i um-columbium syste m exhibi t gr eatly improved elevated­

t emper at:.ir e t e nsile proi:; c:r ti e s wh n c omple x d wit h a reactive metal 

( t itan i um, z irc o nium, or haf nium) plu s a - o mpound - forming d e ment such 

as ca rbo n, oxyg n, o r ni t rogen . Dispe rsions of h e s e c ompounds were pro­

duc e d in the alloy matr ix during solidi fic a tion a nd co_oling of the arc-melted 

i ngots . Early work on age-hardening alloys also included studies o f vanadium­

columbium base m a terials containing boron, beryllium, and silicon. The 

results to d a te indi cate that carbon, in combination with zi r ,_onium or hafnium, 

is the most Hective stre ngthener of the vanadium-columbium base for short­

time xposure ; other combinations were also effe ctive in ::-aising the elevated­

t e mperatur strength prop rties but generaJly produc e d severe room­

t e mpe rature embrittlemcnt, especially after prolonged levated-temperature 

exposur e. 

A number of techniques may be used to produce dispersions 

of ult r afine r e frac ory hard phases in m e tallic matrices. These methods 

include solid-state pr cipi tation from a sup e rsatu rat ed solid solution, 
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in ternal nxidation of a so lut m t a l w hich is more reactive than th e primary 

alloy const ituent, or a wide val'ie ty of techn.iqu s hi ch a1·e a pplicable to 

metals or alloys ha can be pr odu ce d by powd e r m tallurgy. Although it 

would be po ssible to produce vanadium-c o lumbium materials by powder 

Metallur gy methods , the ver y high react ivi ty of the powders requires ultra­

high purity proces s i ng atmospheres , and it wo uld b e difficu!t to maintain 

the high degree of ductility found in the conventionally arc-melted counter­

parts. Thus t he formation of disper sed phases by solid - state reactions in 

me lt e d alloys was selected as the primary method to be investigat':ld under 

this progr am. P owde r metallurg y t echn.ique:5 were als o used, however , to 

evaluate the c ompatibility o f vari o u s d isp e rsants in the alloy n trix. 

The p rimary consid e rations for the d e velopment of dispersion­

s tr e ngthened alloys are t he particle size, volume fraction, interparticle 

s pacing, and thermal stability of the dispersant. Solution or agglomeration 

of the dispersed phase dur ing elevate d-temperature service must be avoided. 

Compounds such as oxides are ge nerally more stable than the carbides, 

nitrides , borides , s ilicides, e tc. , but the temper a ture range of interest 

for t he vanadium a lloys ( 1800° to about 2500° F ) is suificiently below the 

m elti ng point (abo ut 3400° F) so that s tability of compou~-id s s uch as carbides 

may be sati sfactory. The typica l disper sion- s tr e ngthene d alloy contains 

particles which range in size from about 0 . 1 to 0. Ot micron, and the inter­

pai-tic l e spacing may be near O. 1 micron; such fine particles may be examined 

by e l ctron microsc o py. Their efiec t nn tensile str ngth , creep, and stress­

rupture properties may readily be evaluated. 

T his prog r am wa.s primarily concerne d with the development 

of arc-melted vanadium -columbium a lloy s containing reactive metal additions 

in combination with carbon or other co m pound-forming elements. The 
* p rinci pa l alloy bas e was V-60Cb although compositions based on V-40Cb-30Ta 

were a l s o i nvestigat e d . The eilec ts o f composaion and thermal treatments on 

microstructure, fabricability , hardness , tensile , cr eep, and other properties 

were evaluated . Whil substantia l imprcv m e nt s in long-time elevated-

*compo s itions are reported i n w e ight p e r cent. 
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emperatu r e strength properti>s were sought, it was also desired to mai n­

.ain the e x celle nt fabricabili ty which characteriz s alloys of the vanadium ­

colurnbiun, system . 

II. EXPERIME TA L P ROC E DUR E S 

A . 1v1att:r ial s 

The mech a nical properti e s of vanadiurn, columbium, and 

oth e r reactive n1.etal alloys ar markedly affected by the pr esence of im­

purities such as oxyg e n, nitrogen, and car bon. It has been fou nd that a 

total o f 0. 1 2 w / o of combi ned oxygen and nitrogen causes greatly reduc e d 

: .br icability in vanadiurn-columbium alloys . At least 0. 2 w/o carbon may 

be added to the more ductile alloy bases b e fore iabr icabi lity is seriously 

impaired . Table I presents the analyses of the me l t ing stock used under 

this p rogram . While t h e vanadium was somewhat m ore i mpur e than the 

co lumbiUITI and tantalum, the impurity levels i n th e alloys under investi­

gatio r. were within the r ange fo r good fabricability since the vanadium was 

a minor consti tue nt o n a · .. dght p er c e nt basis. Mo s t of the alloys studied 

und r th is program were pr e pared w ith Lot No. 1 vanadium; compositions 

prep ared with Lot No. 2 are s o i ndi c ated in tabular data. 

B . Pr e paration of Alloys 

onconsumable-electrode arc-melting was us e d to prepare 

the majority of compositions inv e s tigated. These ingots weighed 150 or 

20 0 grams , and were m elted at least five times to insure homogeneity. One 

of the alloys studi e d was V-60Cb-1 Ti ; this material was pr e par ed both as a 

nonconsumabl y melted 1~0-gram i ngot · a nd also as a 100-pound ingot pre­

pared by consumable-electrode arc-me lting follow ed by extrusion and warm 

r o lling. The latter material contained 0. 027 w/o oxygen, 0. 013 w/o nitrogen, 

and 0. 026 w / o carbon a fter melting (prepared under Contract NOw 62-0101-C). 

Powder metallur gy techniques wer e used to prepare a series 

of a lloys for an inv stigation of compati bility b e tween r e fractory compound 

powd<?rs (ox.ides and carbides ) and the V-60Cb-1Ti matrix. The hydride 

process was u se d to prepa r e the vanadium-columbium alloy powders. This 

proc ess is des cr ibe d i n detail under Section III-H. 
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TABLE I 

MELTING STOCI< IMPURlTY ANALYSES 

lmEurity Content, w/o 

Element Carbl'ln 

Vanadium, Lot 1 ( a) 0.05 

Vanadium , Lot 2(b) 0.03 

Columbium 0.003 

Tantalum 0.003 

( a ) VPN (IO kg) 170 after arc melting. 

(b) V PN ( l O kg) 155 after arc melting. 

Oxypen 

0.04 

0.04 

0.005 

0. 005 

- 4 -

Nitrogen Other 

0.027 

0.046 

0.005 

0.002 

H2 0. 004 

H
2 

O. 0004 
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Th e a ddi~ior: o f ca:::bo n in ~omb:.nation ,;L h th re a ctive n1 tals 

zi:::-::oni m , h a ~ni t:m, etc ., caused :: n:-:.d1:::::s.b!) ::: .; duc; e d workabi li ty in some 

of ~he V-60Cb and othe.::- alloy bases . Ti,' ::: e d '.lced wo::-kabili.y was particu­

larly p,: ono u nced at the highe r ca:-bon ·.ev ::.s , and a n-.: mber of hot a nd warm 

working reatments we:::e given to :hese compos :.~.ions in o::der to accomplish 

ingot b :-eakdown withou~ severe cracki ng. 

Aft er m e lti ng , all ingc:s we:::e ma ~h :. n£a d on the top and bottom 

surfaces in o:-.-der to p::-ovid~ p a-=al!el .far:es; a th:.::kness of a bout 0. 35 inc h 

was typical. Alloys wh ich were to b e h e ~ w =k~d (2350°F) wer e canned in 

evacuat e: d stainless sted shea::hs. Mes;; ._,!. ::b e cili':. r: ult-to-wor k cornpositions 

we r e fir st hot-::: olled at 2 35 0° F to a : · d t.: : t:0 :1 ' n t hi ,. knes s of about 15 to 20 

pe::: cent. The mate ::-ials which r,as st•d : h.: • .: ::- : ~: ; ;.. lingo: br ak::l.own op r a tion 

we:::e then r moved from t h e ca n s and w 3 .: m : l_ ,:: d ( f 200° F) to a total redu ti on 

of about 50 to 60 pe:r cen~, a f~er whic h they •.:o u : d be cold-rolled to 0. 050 inch 

sh et. Thos ma t ::: ials wh.ich exhib:: e d so ? dev of edge cracking du ring 

warm rolling w •re give n a t least two i n te ::: m diat e 2400°F anneals during 

the warm and cold rolling operations . 

So m e £ t he ingots 1.;::a ~ked sc:ve .. d y d u.::-i ng the i nitial hot 

rolling operation . The c ::- acks we::: i n.~c>r gran,:-2.? :-- , a nd oft e n occurred afte:: 

a11 initial 0. 005 inch pass . Addi tional :.ng o t s ! ·.hc:se compositions were 

prepar e d, and alternat working m e~hods w ::-e a<.:t empte d. One technique 

which was succ ssful in some cases invo ved warm r olling ( 1200° F) to a 

reduction of about 10 p r cent, u sing vc ::: y light passe s, followed by .a 2400° F 

recrystallization anneal. Su b s eque n'; wo:::ki ng was done at 24_G0° F without 

severe cracking, after which the m ater i als were warm, the n cold rolled with 

intermediate anneals . A v aria t ion of this method involved a very light re­

duction ( 5 to 10 per· : ent) a t a sornewh2 ~ higher temperatu r e ( 18 00° -1900" F), 

but below the r ec ry s tallization range. Af:e::: this light r e duction, a 2400° F 

a nneal was give n; th en the ingots were further wa::-m o:: hot worked. 

IIT RESEARCH INSTITUTE 

- 5 - IITRI-B6007-6 
(Final Report) 



D . M c h anica l Pr op rty E lua tions 

Vickers 2 l /2 r l O kg h a r dn rn " suren1e1·,ts w re t k e n 

on polishe d mc t a llogr aph · c spe i m u s of th as -c ast and the \Vrought a lloys. 

Micro - hardnes s v alues (25 - to 100-gram toads) were also measured on the 

polished samples to indicate t h e ext e nt of surface contamina t i()n , segre gat ion, 

etc . 

Elevated-t emp e r a tur e creep t ests were condu c ted on sili­

coni zed spe cimens heated in air . This proc c dur was used for several 

reason . Fir s t l y, the relati ve simplicit y o! the t ti n g operation r e presented 

,, considerabl -avir,g in time whi h would ordi n a r ily b r qu i r d for th 

leading, p ump-down, or purging o f va uum or iner t atmo p,1 r capsul s. 

S econdly, th data obtain d wou ld b more r pres e ntative of th materials 

in the con-d itions under which they would ultimately be used . Thirdly, it was 

found that the pack-c ementation silicide coatings were c .:.pabte of provi ding 

e xc e il nt protection frmn atmospheric contaminants, at l e ast when total 

creep w as les s than 2 per cent. This wa s indicated by the fact that in room­

tempe rature t e nsile tests of s p ecim ns which had b e n subjected to 20000F 

e r p L sts, a consid r a bl portion of th r ig inal s tr ngth a nd ductility of 

th alloys w as r t ain d . hil creep va lu s in s o f 2 per cent generally 

caus d a decrease i n strength and ductility of h a lloy . th creep dat a obtained 

w ere consist nt and r eprodu c ib l . The fol l owing proc dure was e mplo y d in 

t h p r parati o n of specim ns and in obtaining shor t - t ime er p data: 

l. Sp cime n s 0. 050 inch th ic k were machin d to a 0. 150 
in h wide by 1. 0 1nc h l ong gag 1 ngth. 

Z. The s p e im n s , , tumbt d in a n alumina g rit-water 
s l ur r y for 100 hours to round off sharp dg s a nd co rne rs. 

3 . P ac k-c e m entat ion s i l icid coat i ng s, a b out O. 0025 inc h 
thi k , w ere produ c d by h eat ing i n a m ix d pack of silicou 
and NaF a tivator for 8 hours a t 2200 ° F. . 

4. The coated speci m e n s w r e expose d to s t atic ai r !or 20 
hours at 2200°F to insur adequat e prote ctive quality of 
th coating. 

5 . Using Udimc-t- 70 0 grips, th s pec i men s were dir ec t­
lo ad d at variou s str ss l ev l s in 2000°F ai r for 2 l /2 
l,u rs . Cre p was m asure d by a d ial gag , and total 
plas t ic d efo rm ati on w as ob t ained by t aki n g microm e ter 
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6. 

mcas ur rne nts of t ,e s p e im••n s bcio r n and a ter 
s t r es s ing. 

Ro o m - t •mp 
ob ai n c d for 
r ate of 0. 06 

r atur , 3000, or 600°F t 

ach speci n1 e n aft r ere 
in/in/min was used . 

nsi l e data were 
p t e st i ng; a strai n 

7 . etallog r aphic and hardness su r veys we r e conducte d on 
the mat er · als afte r t esting. 

E. M isce llan e ous Evaluati on 

The effec ts of various so lution a nn aling and aging tr eatments 

on the hardn ss and structure of a n umbe r of alloys was i nv esti gated. Re­

c r ysta ll izat ion t emperatu r e3 w . r d termined by m e t allog r a ph ic · x a m i nation 

a nd a l so b y hardn - s s t sts. AU of th s l e vat e d-temp ratur tr eatments 
-6 were onduc t ed u nd r a high vacuum ( a t least 1 x 10 mm Hg ). 0th r evalua-

t ions ondu c t d u nd e r thi s program i nclud ed room-temp r atu r bend t es ts 

whi h involv d a r l ati v ly s l o w strai n rat bending of s h t stoc k J 80 d grees 

around m a ndrels of various siz s; bend tests w e r a l so p rformed on coated 

spe cim ns to d t rmine th d u o: til e -to-brittl e tr ans ition t mp r a ture. 

Ill. 

A. 

EXPERIM E TAL RESULTS AND DISCUSSION 

Alloy S y t rn s Inve stigated 

A major port i on of th e xp r : mental work und e r this program 

was c nt e r ed on alloys b ase d on V-60Cb . Earlie r s tudi e s h ad s h own that the 

-: omposition V-60Cb- l T i pos s ssed exce ll nt fabric a bility and w e ldability, 

and also b ad very h igh d e nsity -.:: or,. e c ted s tr ngths to at l east 2200°F . . Re­

plac ing titan i um with zir conium plus small carbon additions (up to 0. 1 w/o) 

r es ulted in co nside:-ably inc r e ased t nsile strength at e l e vat e d tt.mp ratures. 

Similar addit ives t o V- 60Cb were studi d under thi s program to d e termine 

whethe r or not th 20 00°F cre e p prop rti es could be imp roved. Previous 

a lloy d eve lopment stud i shad a lso shown that alloys based on V-Cb-Ta were 

among the strongest , on a short-time basis, o f the experimental materials 

at 2400°F. T he system V-40Cb-30Ta was also selected for i nvestigation of 

creep properties. Titanium, zircon ium, or hafnium plus carbon was added 

to eac h o f th se a lloy bas es as fo llows : 
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V - 60Cb-1Ti plu s 0. 025, 0. 05, a nd 0 . 075 \ /o carbo n 

V- 60Cb- l Zr plus 0. 0 5, 0. l , and 0. Z w/ o carb o n 

V- 60Cb - 1H..f p lus 0. 05, o. 1 , and 0. 2 w/o a rb on 

V-40Cb-30I'a -1Zr plu s 0. 05 and 0 . l w/o ca rbo n 

V --IOCb- 30 T a- I Hf plus 0 . 05 and 0 . 1 w/o ca rbon 

In a dd ition to t h a bov alloys, the bas ic con p os itions without 

carb o n additions w e r e a lso studied. Mino r c o positional va r iati o ns of t h se 

sys t ems w ere a l s o inc luded in these inves t igations, as w as th alloy '/-60Cb- 1Ti, 

pr p ar d b y different melting m thods and cont aini ng d iffe r nt leve ls of int e r­

,:; titia l impurities. 

B. Fabri c ability 

.Most of the c omp sitions studi e d under th is program w r e con­

side r ab l y more difficult to fabr icat e than the V-ZOCb- 5T i a nd V- 60Cb- l Ti 

mater i als inv stigat d und r pr vious alloy d eve lopmen t programs . These 

a rli a lloys contain d o nly about 0. 04 to 0. 08w/o combine d a rbon, o xyg e n, 

and nitrog n , 1nost of wh i c h w e r containe d a s impurities i n th vanadium 

m a lting stock. A these impurity l eve l s, th alloys cou ld be cold-roll d from 

th arc -m l d ingots dir ectly to 0. 0 50 in h th ick sh t -- in some cas es with ­

o u t int ·1·m diat a nn aling . Th alloys stud ied u nder this prog r am, on the 

o t h r hand, contained up t o 0 . 2w/o carbon addition s a s w e ll a s the oxyg e n , 

nitrogen , carbon, e t c., whi c h we r e present in he ine lting s t oc k. As a con­

sequenc , t he l att r composition s cou1d b fabri at d to s h et only by hot or 

warm rolling techniqu s, and 5-:)!"ne of thes alloys could n ot b r olled to 

a e pt a ble sh e t. 

A ti s of th compositions stud .i d, tog th r with th fabrication 

t echniques and comm nts on the fabr icabiU ty and sh t qual it y, is prese nted 

i n Tabl II. She ' t of good quaH t y w as produc d from most oi t he a lloys based 

on V-60Cb- 1"!'1 and V-60Cb-1 Z r, wh r eas most of h compositi on s based on 

V -60Cb-1Hf ould not be r oll d to s h ee t. Increasing ca rbon 1 v e ls generally 

produced decr e a sed workability in a ll of the alloys s tudied . The comp osition s 

b as d on V - 40Cb-30Ta were much more d ' ffi u lt to fabricate than th V-60Cb 

b as mat e r ial s; t h workability of these l, i?h-tantalum a lloys d ee r as d with 

increas in g carbon add it ions , es p ecially wh n compl e x e d with hafnium. 
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TABLE ll 

F ABRICATION DATA FOR VA AD1UM AL OYS 

Compos iti o n, w/o(a) 

V- 60Cb-1Ti 

V-60Cb-1Ti(c) 

V-60Cb-1Ti-O. 025C 

V-60Cb-1Ti-O. 05C 

V-60Cb- lTi-0. 075C 

V-60Cb- 1Zr(d) 

V-60Cb - 1Zr-O. 05C 

V-60Cb- 1Zr-O. IC 

V-60Cb-1Zr-O. 2C 

V-60Cb- LHl(d) 

V-60Cb- !Hf-0. 05C 

V-60Cb-lH1-0.1C 

V-60Cb-1Hf-O. 2C 

Fabri c ation M thoib} 

CR-Ann. -CR 

Extrud e -WR-Ann. -WR 

HR-WR-Ann. -CR 

R e sults 

Good 0 . 050 ir: . sheet 

Good 0. 050 in. she t 

Good O. 050 in . sh e t 

HR-WR-Ann. -WR-Ann. -CR Good 0. 050 in. sh 

HR-WR-Ann. -WR-Ann. -WR Good O. 050 in. sh 

t 

t 

t WR-Ann. -WR- Ann. -CR 

HR- R-Ann. -CR 

HR-WR-Ann. -CR 

Good O. 050 in. sh 

Good O. 050 in. sh e t 

Good Q. 050 in. sheet 

HR-WR-Ann. -WR-Ann. -CR Good 0. 050 in. sheet 

WR-Ann. -WR-Ann. -CR G ood 0. 050 in. sh t 

HR s V re edg cracking 
on initial breakd o wn 

HR-WR-Ann. -WR-Ann. -CR Fair quality sheet, 
som dge cracking 

HR dge cracking 
o n initial br akdow n 

V-60Cb-10Ta-l Zr-0. 075dd) HR-WR-Ann. -WR-A nn. -CR Good 0. 050 in. sheet 

V-60Cb-10Ta-llli(d) HR-WR-Ann. -WR-Ann. -CR Good 0. 050 in. sheet 

V-40Cb-30Ta 

V-40Cb- 30Ta- l Zr 

V-40Cb-30Ta- l Zr-0. 05C 

V-40Cb-30Ta-1Zr-O. IC 

V -40Cb-30Ta- l Hld) 

V-40Cb - 30Ta- l HI-0. 05C 

HR Severe edge cracking 
on initial breakdown 

HR-WR-Ann. -WR Poor quality sheet, 
numerous edge cracks 

HR-WR-Ann. -WR Poor quality sheet, 
numerous dge cracks 

HR-WR-Ann. -WR F ai r quality sheet, 
mod rat e ed ge cracking 

HR-WR-Ann. -WR-Ann. -CR Fair quality sheet, 
son'le edge cracking 

HR Sev re dg c racking 
on initial breakdown 
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C om pos ition, w/o(a) 

V -4 0Cb - 30Ta- l Hf-0 . IC 

V -30Cb - 35Ta- l Hid) 

V-35Cb-2 5Ta 

V -35Cb-25Ta- l Zr 

TABLE 11 (Cont. ) 

Fabric at i on Method(b) ~{ e suits 

HR Severe edge c r ac k ing 
on initial br eakdown 

HR-WR-Ann. -WR-Ann. -Cr Good 0. 050 in. sheet 

HR Se vere edge c r ac king 
on i nit ial breakdown 

HR Se v e re e dge cracking 
on initial breakdown 

( a )Pr par d with Lot No. I v a nadium (s ee Tab l e I) , unless othe rwise not e d. 

( b )HR = h ot r oll, ......,z3 50°F. 

WR = warm roll , '-"' l200°F. 

CR = c o ld roll , room t c mpe ratur 

Ann . = an n. a l 30 minut s a t 230 0 ° or 2400°F. 

(c ) From 100-pound e xt ruded a11d warm rolled i ngot 
( r fer to t e xt, Section Il-B). 

(d)Pr e pared w ith L o t N e . 2 vanad ium (s ee T ab le I). 
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t u c h of h r ac ki n g w hi h was obs rv d in t !~c d i f( ic u lt- to -

fa b r ica a1 loys occ urr d d u rin g t he i ni t ial 5 t o 15 p r c nt r uc t i on i n 

th i kness . This was a tt r ib u t e d l o the c o m p a r a l i ve l r coa r s P. nd co l umna r 

g r ai n struc t u r e t ypic a l o f t he a r c - m l d pr o du c t. R fin m n t of th as - cast 

s truc t u r e b y th r mal h o mog e niz a t io n did n o t improv e the wor k a b i l i t y, but in 

s ome cas e s a l ight ( 10 pe r cent) r e duc t i on ;i_ 12000F fo ll owed b y a 2400°F 

anne a l pro duce d imp roved fa br icabil i t y b cau se o f th e finer rec ryst a ll i z d 

g r ai n s ize . It w as fo u n d that if li ttl e c r a.:king o c curred d u r i n g the first 25 

to 3 5 pe r c e nt r duc t io n b y h o t o r w a rm working rn t h ods , mo s t of the ingot s 

c o uld th n b warm o r co ld r o ll d t o 0 . 0 50 inch th ic k s h eet w ith v e ry littl 

a dditiona l c r ac k ing. At Le a s t o n e inte rm d iat e 2400 ° F a nn a l w a s r qu i r e d 

:for th e ha r d r compositio n s durin g th wa r m or c o ld roll i n g pr ocedur e s_. 

T n om p os i ions n ar t h c nt r ( o n a we ig ht p r c nt b asi s) 

o f t h e V-C b- T a sys t e m w;_, r e i nv s t igat d. Only o n of these m a t e rials , 

V - 30C b - 35T a - ! Hf, c ou ld b e fab r icat e d i nto sh o f good qu a l i ty. The 

:.- t-maind e r i t h e r brok up dur i n g i n i t ial ingot br akdown or c o ntaine d 

n um e rou s dg e c r ac k s a ft e r roll ing to 0. 0 50 in h th ick sheet. Some of 

this c r ack in g m ay b e a ttr ibut ed to the l a r g c a rbon a ddit i on s i n c omb ination 

wi th h afni u m wh i h pro d uc d e ry high hardn e s s s and prob a bly v ry high 

•l vat ed- t mpe ratur tre ngth va lues . Howev e r , o n of thes compo s itions , 

V-40Cb- 30T a -1HI , , as a d upli a t e o f an a lloy w ich h a d b n r adily 

fabricat d to she t und r a pre iou s a ll o y d evel opm nt pr ogram. The current 

l ess -fabr icable m a t r i al cliff r e d from the mor e workabl stock only in that 

th vanadium c ontaine d slightly more total oxyg n and nitrogen (0. 09 vs. 

0. 07w/o) ; carbon l ev e l s in the m e lt i ng s tock were simi lar . These results 

may i nd icat e that lower levels of oxyg e n a nd nitrog n ar e r qu i red for good 

fabricab i l i ty i n th V-Cb-Ta syst m compare d to th 0 . lw/o l e ve l which can 

b e tole rat d by V-Cb. 

It was a lso not e d that the V-Cb-Ta ingots were not as homo­

ge n e ou s a s th os e of th V-60Cb b a s e . Consi d e rably more coring and a 

co a rs r gr ai n size w r not d in th ingots containing 30 or 35 w/o tantalum . 

.:-h rm a l h o m oge n izatio n a t 2400°F d id n ot signific a ntly improve the fabri-

abi l i t y of th s m a t e r i als , a nd no d e fini t e c orrelation b e tw ee n as-cast 
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grain size and ·::orkab11ity could be made. In g en ral , a lloy s with higher 

c a r bon cont nts h ad th e fin e r g r ai n s i ze b ut were less fa bricab le. 

C. Hardness E valuat ions 

Th e effect of composition on hardnes s of a series of vanadium 

alloys i s shown in Table Ill. These alloys are based on V-60Cb and 

V-40Cb-30Ta and contain varying amounts of carbon in combination with 

haf n ium or zirconium, and the hardness values were obtained on fully 

rec r ystallized specimens. Most of the alloys had been hot or warm rolled 

to sheet, followed by a 2400°F anneal; a fe w of th alloys were hot-worked 

onl y a Iew p r cent b fore c racki ng pr vent d Iurth r r duction. 

Data i n Tabl e III s how that hardness is pr i marily a function of 

ca rb on cont ent, r ega rdl e ss of th e alloy bas e to whi c h the carbon was added. 

It may be n o e d t h at a ll of the composition s containing 0. lw/o carbon were 

ii th VPN 383 to 39 0 range, wh i l the ma er i al s containi ng O. 05w/o ca rbon 

had hardnesses in the VPN 352 to 365 range. Alloys of the V- 60Cb ba.se 

containing 0. 2w/o carbon W"re considerabl y harder - -VP. 412 to 423. These 

high hardn e ss vah.tes indicat e a marked reducti on of room-temperature 

ducti lity compa r e d t o the b a s e alloys which a re in the VPN 330 to 335 range. 

r am th standpoint of fabr ic ability and ductility, i t is likely that carbon 

additions abov 0. l w/o wi ll result in relatively brittle materials. 

D. Heat-Treating Studie s 

T he comparatively high carbon l evels i n the alloys under 

11 v stigation sugge s t the possib i lity of h e at treating to produce improved 

elevat d temp ratu r e m e chanical prop e rties . A s t udy of the eff cts of 

v a rious sol tion ann aling and aging treatments on hardness and structure 

was con duc t e d on a series o f alloys which exhibit e d suffi cient workability 

t o permit fab r icati on i nt o s heet. M tallographic s p e cimens were cut from 

t hese sheets and solution-annealed a t 2600° , 2800°, and 3000°F for 30 

minutes a nd were rapid ly chi lle d by dropping the spec im e ns onto a water­

cooled copp er plat in the b ottom of the vacuum furnace. 

Table IV present s data for t he as-quenched hardness of six 

of he alloys. It may be obs rv c d that th e thre e V- 60Cb bas e alloys 
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TABLE III 

ROOM-TEMPERATURE HARDNESS 

OF VANADIUM ALLOYS 

Composition , w/o 

V-60Cb- l Zr 

V- 60Cb- 1 Zr-0. 05C 

V-60Cb-1Zr-O. lC 

V-60Cb- l Zr-0. 2C 

V-60Cb-1Hf 

V-60Cb-1HI-0.05C 

V- 60Cb-1Hf-O. lC 

V - 60Cb- 1 HI-02C 

V-40Cb-30Ta- l Zr-0. 05C 

V-40Cb-30Ta-1Zr-O. lC 

V-40Cb-30Ta-1HI-O. 05C 

V-4.JCb- 30Ta-1Hf-O. lC 

Hardness,( ) 
VPN (10 kg) a 

334 

352 

383 

412 

335 

352 

385 

423 

355 

385 

365 

390 

(a) Alter recrystallization anneal for 30 minutes at 
2400°F. 
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TABLE N 

ROOM-TEMPERATURE HARDNESS 

OF RAPIDLY COOLED VANADIUM-COLUMBIUM ALLOYS 

Comeosition, w/o 

V-60Cb-1Zr-0.05C 

V -60Cb-1Zr-O. 1C 

V-60Cb-1Zr-O. 2C 

V-60Cb-1Hf-O. 1C 

V - 60Cb-1Hf-0. 2C 

V-40Cb-30Ta-1Zr-O. 1C 

Hardness on Quenching from 
Solution-Annealing Temeerature, VPN 

2600• F 

344 

407 

408 

370 

451 

415 

- 14 -

2800• F 3000• F 

353 

433 

462 

367 

437 

405 

381 

442 

475 

376 

450 

375 
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0 111aini r g zirconium and carbon e xh ibi ted a prog r ssi · increase in hardness 

,;:; th e ,,o lution - ann ea ling t ~mp rature was raised from 2600° t o 30 000F. 

fa rdn ss l e e ls of the two V -60Cb- :-lf-C a lloy s r e mained essenti a ll y un-

rh 2.n d a h v ariou s so lu t ion -tr ating emperatur s, whi l e the single 

• -Cb-Ta - Zr-C alloy xhibit d decreasing h~rdness as th solut ion-annealing 

~mpc , ature was increased. The lat t r b ehavior could indicate a l o carbon 

so h.:bi l i ty at th ese t e mperatures with agglom e r a t ion of the carbides at the 

h ig e r m p r atur s; this w as n ot confirmed by m t a llographic ex_amin ation . 

M tallographic studies of the solut ion- tre at d a lloys r v ea l d 

::.. igniiicant i ncrease in grain siz with ann a ling t em p eratu r e for all of the 

a ll o ys l is t e d ~n Tab le IV w i th the excepti o n o f the V- 40Cb- 30T a - 1 Zr-0. lC 

c o mposition. Thi s a ll oy was by far th fin es t g r ained a t 3000°F , a lthough 

n th is material showed a significant g r ain siz i ncreas e as th annealing 

t mperature was raised from 2600° to 300 0 ° F : 

Th so lution - tr eated a lloys w e r e subs equently aged at 2000° 

a nd 230"°F. The initial aging stud ies wer carr ie d out for p eriods of tim 

up t o J 00 hours on sp ci mens which w e r e e ncapsulat d in Vycor or quartz 

bulbs wh ic h h ad b ee n vacuat d and back-fi ll d with argon prio r to s aling. 

A prog r ssive in c r ease in h a rdne ss with ann aling time w as not e d for all 

uf th V - 60 Cb ba s m a t rials, and in som cas s th h a rdness valu s w e r e 

w ·ll above VP 50 0. It was subsequent l y found that this h a rdness i ncrease 

was pr i m ari ly du e to th a b sorpt ion of oxyg e n and/ o r nitrogen e xisting as 

impur i t i s in the bulb s . Additional aging tr atments were c a rri e d out under 

vacuum 0 1· i n bulbs which contained z i r con i um turni ngs as a getter. Th.e s e 

1;:i tt r tr eatm nts s how e d that very slight (l e ss than 10 V P N ) hardness in -

er ases occur r d after 48 hours at 20000F or 24 hours at 2300°F. These 

d t a indic a t e that for r e l a tively short times, no gross loss of duc t ility may 

b xp t d upon e xposure at 2000° to 2300°F. 

E. R crys t a ll ization Behavior 

Cold-r o lle d sh t specimens of six alloys w e r e a nnea le d for 

30 m i nut s a t 2000°, 2200°, and 2400°F unde r a high vacuum. The r sults 

n f mc t a llog raphic o b servations on recry s t a lli zation a r e pr s · nted i n Table V. 
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TABLE V 

METALLOGRAPI-IlCALLY OBSERVED RECRYSTALLIZATION 

OF COLD - ROLLED VANADIUM-COLUMBIUM-BASE ALLOYS 

Recrystallization, per cent 

2000°F, 2200°F 2400°F, 
Compos ition, w/o l /2 hr 

V-60Cb-1Zr - 0.1C 
( a) 

90 

V-60Cb-1Zr - O. 2C 
( a) 

85 

V-60Cb-1Zr-O. oscCa) 80 

V-60Cb-1Hf-O. 1db) 5 

V-40Cb-30Ta-1Zr-0. lC 
( b) 

0 

V- 60Cb-1Hf-O. zdb) 0 

( a) 

(b) 

Cold worke d 80-90 per cent. 

C o ld worke d 50-75 per cent. 

- 16 -

l /2 hr l /2 hr 

100 

100 

100 

50 

10 

5 

100 

100 

100 

100 

90 

60 
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Th •s · d a ta s how that th V-60Cb b ase a lloys o nt airu ng h afn ium :1.nd ca rbon 

hav h igher r • rysta ll ization t mpc ratur s than th ir zi rc onium -carbon 

c ount e rpa rts. A comparatively high r e rysta ll i~ation temperature is a l so 

not d fo r th V -40Cb-30Ta-!Zr-O. IC a lloy. Th thr ,1 ll oys with th 

high st r ec r ystalli zat ion tempe ratures had r ceivcd th small s a mounts of 

co ld work pr i or to anneali ng. How ver, it is b Lieved that the diU r ence in 

cold reduct ion was not suffici nt to produc the 200° to 4000F diffe r nee in 

recrystallization temperatur s b e tw e n thes e alloys a nd th three V-60Cb- l Zr 

base mat rials . The latter group w e re 80 to 9 0 p ·•r c nt rec rystalliz d after 

30 minutes at 20000F. 

F. Cre p T ests 

Elevated-tempe ratur e (2000° and 2l00°F) creep t ests w e re 

c onduct d on pack- s ili c onize d sheet specimens as d e scrib d under Se tion 11-D. 

Str ss l v l s rang d from 5,000 to 15,000 psi , calculated on the basis of total 

;i U oniz d ross s c ti on, or 5,600 to 16 , 700 p s i calculated on the basis of 

a r a of the vanadium alloy base m tal b en ath the coating. Aft e r th creep 

t sts, whi h produc e d longations of 0 . 3 to 4 . 75 per cent, the sp cim - ns were 

tensile test d at room temperature or at t mpe ratures of 30cP and 6oo°F . The 

latt r t e mperatures were used when it was found that the ductil -to-brittle 

transit i on temperature of the coat d composites was raised to above room 

temperature by the coat ' ng process and/o r levate d t einperatur exposure 

in air under stress. 

R esu lts of t h e creep tests and' the subsequent lower temperature 

t n si l e t es ts ar pres nted in Table VI. A few compositions based on V-60Cb- 1Ti 

had been prepare d under Contract NOw 62 - 0101-c, an .., e re include d in these 

valuations to show the e ff cts of carbon and oxygen addi i ons on er ep proper­

ties of the alloy cont.aining titanium. Some two dozen specimens were evaluated 

a t e l evat d t emp e ratu r e under stress, and only one obvious coating failure 

occurred in the gage portion of a san,µle. However, a number of the alloy s 

were mbrittled after creep testing, as will be discussed subsequentl y. Th r ee 

of the specimens exhibited incipient coating failures at the should ers which 

were in contact with the Udimet grips . Otherwise, the ere p-tes ted samples 

had adh rent coatings which appear d to be intact after plastic d efo rmations 

of as much as 4. 75 per cent . 
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TABLE VI 

CREEP AND TENSILE DAT A FOR SILICO !ZED VANADIUM ALLOYS 

E Test Data(a) T nsile ProEe rt ies after C r c :e Te st 
Tim e, Creep, T inp. , UTS Elong., 

C · · I (b) hr % i n 1 in. OF .(c) % ompos1t1on, w o psi 

V- 60Cb- l Ti(d) 5,700 2 . 5 0 . 4 70 113 , 000 6 
6 ,800 2. 5 0.45 70 73,500 <1 
8,750 2.5 0. 5 70 129,000 20 

11, 200 2. 5 2. 0 300 88,500 <t 
16 , 700( ) 1. 67 4.75 300 75 , 790 <l 

8 , 300 e 2. 0 4. l 60 0 70,000 <l 

V-60Cb-1T i(f) 5,700 7.5 1. l 30 0 124,600 14 - 11 , 200 2 . 5 2. 1 300 100,200 2 
00 

V- 60Cb-1Ti-O. 025C 11 , 200 2. 5 2.5 600 99,200 <I 
16 , 700 1. 2 4.4 600 54,400 <l 

V-60Cb-1Ti-O. 05C 11 ,200 2 . 5 2. 5 

V- 60Cb- 1 T i - 0. 07 SC 11,200 2.5 2. 6 600 81,400 <l 

- .... V- 60Cb- l Ti-0. 050 8 , 300 2. 5 1. 05 600 109,000 2 ...., .... 
... . o-l 11,200 2. 5 2. 5 300 117 ,400 5 
;:i :x, 
p., ..... 
,... I 

V-60Cb-10Ta- 1Hf 11,200 2. 5 2. 5 600 110,000 5 :x, 01 
n, O' 
'O 0 V-60Cb-10Ta-1Zr-O. 075C 11,200 2.5 1. 25 600 129,000 7 0 0 
1-j -.J 

V - 60Cb - l Zr(f) 
<"' I -o- 5,600 2. 5 o. 3 300 130,500 18 

11,200 2. 5 2.0 300 90,400 <l 



-'° 

TABLE VI (Cont .) 

Cree,e T est Data(a) T e nsile Pro;ee rt ie s 

S r BS, Time, Cr e e p, T e mp., 

Composition, w/o(b) p si(c) hr % i n l in. OF 

V- 60Cb- 1 Zr-0 . lC 8,450 2. 5 l. l 70 
11,200 2. 5 3. 3 600 

V-60Cb- l Zr-0. 2C 8,300 2. 5 l. 2 70 

v -60Cb- nu< f) 11,200 2. 5 2. 5 300 

V- 30Cb-35Ta-1Hf 
( f) 

11 , 200 2. 5 3. 2 600 

(a) T ests conducted in air at 2000°F unless othe rwise specified 
{b) Alloys prepared with Lot No. l ·,anadium unless otherwise specified 
(c) Calculated on vanadium alloy bas e cross section underneath coati n g 
(d) Fro m 100-pound i ngot, impurity analysis given in S ection II-B of t ext 
(e) T ested at 2100°F 
(£) Pre pared with Lot No. 2 vanadium 

UTS 
psi(c) 

138,200 
66,300 

167,000 

101 ,500 

10 5,000 

aft e r C r e p T es l 

Elong. , 

% 

4. 5 
< 1 

7 



A numb of observations may b e m a d from the cr p a nd 

t nsile data pr s nt c d in Table VI: 

l. Increasing a mounts of carbon added to V - 60Cb-1Ti o r 

V - 60Cb-1Zr result din in reased er p. 

2. The addition of 0. 05 w/o O a l so produced a larger amount 

of creep i n the V- 60Cb- l Ti base. 

3. Cr eep r at sinV-60Cb-1Ti, prepar dbytwo. diiferent 

methods and containing arying amounts of ca,·bon, 

oxygen, and nitrog e n impu rities, were simila"l'. 

4 . Alloys bas d on V - 60Cb - l Zr-C had creep rates similar 

t o those of V-60Cb-1Ti-C alloys at 2000°F, wh reas 

all compositions containing hafnium had considerably 

higher creep rat es. 

5. The low st amount of c re p was found in the alloy 

V-60Cb-10Ta-1 Zr -O. 075C. 

6. Most specimens which had er e p values in exc ss of 

2 per cent were found to b e brittle when tensile tested 

at 70° to 600°F. 

7. Most of the samples which had less than 2 per cent 

reep w r e ductile in t ensil t ests a t 70° to 600°F. 

These results show an over-all range of 1. 25 to 3. 3 per cent 
0 • 

ere p among th a lloys t sted at 2000 Funder a stress of 11,200 psi. The 

most er · p-re sis tant composition, V- 60Cb-10T.a- l Zr-0. 075C, was the only 

carbon- o ntaining lloy whi h had a lowe r cr eep rate than the V-60Cb-1Ti or 

V-60Cb- l Zr compositions without carbon additions. This tantalum-containing 

mate r ial was found to be strong and reasonably ductile at 6oo°F after cree p 

t sting. How v er, a V-60Cb-10Ta-1Hf alloy had a e r e prate e xactly t w ice 

that of the V-Cb-Ta-Zr-C material . Th r ason for this b havior is not 

known, a s a ll o the r carbon-containin g a lloy had gr atly increased creep 

r a t es. It mus b noted that all compositions containing hafnium exh.ibHed 

r lative l y ig h er ep r ates a t 2000°F. 
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M any of th e ...:r e._ <1c s':cd s p ~ · im ns , r ~ fo li nd to h av g r ea ly 

.!' ~d ~eds ': ng ~h a nd d u:~L~y wh c: n sub sequen_ly ten sile t.;:;::t:d at t 1np~:::a ­

t.=-es up to 600° F. I-fa.:: dness m eas,~ :- e rn e nts (. VPN, 50 gcams ~o 10 kg l oad} 

w e::.:?: t;;. l< e n on gages ~ io n s of th i:, b:.:'~::e sam pl s , and only \,t; y s _1.ight h a'.':' d­

ncss ~n: rc: ases w -::: note d . Th po s si bi. : __ _" : y oI oxyg n a nd/o r ni t:: o ge n e m­

br i t ·le m ent should not be discounted, h ow ev ::: , becau s · i~ was found that i n 

g · ner al the s p e cim e n s which h ad the higher an10u n~ s of C.!'ee p were weake r 

and more b ::: i t l e than mat !' ia l s whi c h exhibited l e ss than 2 p e r cent cr eep. 

Excessive ddorrr,a:-ion may have c aused the silLi d ..: oa t ings to b e come 

pe :-:- m e abl e to t h e air a tmos phere. 

A second factor was involved in t h :: com -temper ature 

b:rit.t lene ss of s ome of th e alloys. It w ;;.s found that -.: ontamination-during 

th e pac k -,:en1en~ation siliconizi ng p::oc e ss produ .-:: d a n incre ase in ductile -­

to-brittle· t :.- a n s i t ion tempe::--ature of the vanadium alloys . This embrittl t? m e nt 

occu r e d dl..::--ing some, but not all, of the pac k :: uns. Sinc e the specimens 

listed i n T able VI w e re c oated i n four s e parate coa ting runs, .t h e embrittle ­

ment p:-ode.ced during the coating process was var i a ble , and in most cases 

t he as-coated V-60Cb -J Ti specime ns wer e ductil~ at 2oo•F. Since many 

of the c:::- eep-tes t e d san1ple s w ere brittle at 600• F, it m ust be assumed that 

addi tional cont amination occurr e d d uring the el vate d-ten1perature str e ssing. 

The effec t of stress levt:l upon c r eep for the V-60Cb-1Ti alloy 

may be not e d fr om the data in Table VI. Relativ t: l y l ow creep rates (0. 5 per 

cent in Z. 5 hour s } were obtained at stresses up t o 8750 psi, whereas 4. 75 

p e r c ent creep was measured for the specimen stressed at 16, 700 psi in L 7 

hours at the same te mperatu re (2000" F). A p r onounced increase in creep 

rate with incr easing t emp e rature was also note d for the V-60Cb-1 Ti mate r ial: 

at 2100°F, a stress of 8300 psi p rodu-ed 4. 1 per cent creep i n 2 hours, 

compared to th e 0. 5 pe r cent in 2. 5 hour s under 8750 psi at 2000°'F. 

G. Electro n Microscopy 

Three of the creep-tested specimens we re selected for elec­

t r on mi c roscope studies of th e d i spersed phases. One of the alloys was 

V-60Cb-10Ta-1Z r -O. 075G which exhibited the lowe st cr eep value (1. 25 per 

cent} in Z. 5 hour s under 11, ZOO psi at ZOOO"F. The high-carbon V-60Cb-1Zr 

0. 1C alloy was s e l e cte d for study since it had the highe st amount of 
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er p --•. :Sp::- e n--t:.nd.:-th same condi t ions . Athird Uoy, V-60Cb - tTi. 

p :?: ep :: d by double consumable- elec~rode arc me ting and e >rtrusio n, w as 

inc! d d i n _hese investigations because it combined fair creep r es i stance 

( 2 p e r c ent under 11, 200 psi in 2. 5 hrs a 2000° F} wit h a very low carbon 

conte nt (0. 026 w /o). All three materials had a similar grain size of about 

250 grains per mm
2

. Because of the complex nata re of the precipitates, 

no atteu1?ts were made to identify the dispersec f,hases under these pre­

liminary microscopic s tudies. 

The V -60Cb-1 Ti material exhibited particularly clean grain 

boundaries and contained a fine sph roidal dispersio n within the grains. 

Mo t of the p rticles were less than 0 . 2 µ in di ameter , as illustrated in 

Figure 1 and 2 which are r e pre sentative of the range of particle sizes and 

cone ntration of t h dispersed phas found i n this alloy. Th e absence of a 

grain boundary precipitate may be du e t o the low carbon content and to the 

large ::tmount of mechanical work and subsequent re rystallization a nneals 

involved in fabr icating this 100-pound ingot into 0. 050 inch sheet. 

E xamination of the V-60Cb- 1Zr- 0 . IC material with the high 

ere p rate r v a l d t he pr es ence of l a rge quantiti e s of carbides , not only in 

the rnat=ix b u t also in th e grain boundar i es as illustrated in Figure 3. A 

structur o f this typ not only would r e duce fabric bi lity but might also cause 

i nc r as d creep rates. It is v e ry likely that a h igh t mperature ( 2600° to 

3000° F) solution an neal followed by rapid cooling would eliminate a major 

portio n o f this grain boundary phas , a nd improved workability and creep 

resistanc e might be obtained ._ 

Structur e s in the V-60Cb-10Ta-1Zr -O . 075C alloy w r in 

general similar to thos shov:n in Figur e s 1 and 2. However , the carbides 

w e re not as fine and a few grain boundari s contained precipi t ates as 

illustr ated in Figure 4 . The structures do n ot clearly indi cate the reason 

!or the improved creep resistance of this material. It is possible that s ome 

solid s olution str engtlrni ng was achiev d by the tantalum addition. 
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Fig. 1 

V - 60Cb-1 Ti alloy showing grain 
boundary and precipitate in the 
matrix. 
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Neg. No. EM158C Xl4, 000 

Fig. 3 

Y-60Cb - 1Z.--0.1C alloy showing 
precipitated phases in the matrix 
and also in the grain boundaries. 

Y- 60Cb-1 Ti alloy showing fine 
matrix precipitate. 
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Fig. 4 
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l 
Xl0,000 

Y-60Cb- lOTa-1 Zr-0. 07 SC alloy 
show i ng that the dispersed phase 
occurre d primarily in the matrix 

Figs. l - 4 Electron microscope photographs of vanadium-columbium 
alloys. Formvar r eplicas shadowed w ith palladium at 45°; carbon backed. 
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H . 

1. 

Powde r Mc .. allu.: gy Al oys 

A loy P reparation 

Whil th feasibility of producing vanadi m- ol··mbium aJloy 

by powd -r mt:: ;;.J..:::rgy t chruques has not b n adequa-.:ely demons.r« te d, .h 

'fro c SS has be n 1,::tilized for othe:- reac.ive metals and was used u nder .h "s 

r: :: og:r am p:::-imar "ly o:::- stu dying the stabiEty of dispe::sants in a vanadiu m­

columbium alloy matrix. These i nvestigations involved the prepara ion o f 

the vanadium-columbium alloys in the form of finely divided powders to 

which various oxide or carbide powders are added; a£ter blending, the powder 

mix t · re was compacted, sinter e<:l., and annealed for varying lengths of E rne at 

t mperatt::res in the 2000 " to 2400° F range . The s tability of the dispersed 

phase was evaluat d metallogr aphically and by ha:::-dnes s tests whi :h indic a.t d 

solubility in the matrix. 

Initial studies utilized the alloy V-60Cb-1 Ti which wa s hyrlr" ded 

in the form of lathe tu?'nings at 1400° F, then crushed to pass_ a 325 mesh 

screen. Aftc:- v::;.cuum dehydrogenation, 7 pe:::- c ent by vol:.ime of the. followi ng 

dispe r sants W<:!re blend e d with the alloy powders: 

Oxides: At
2
o

3
, C e0

2
, L a

2
o

3
, Th0

2
, Y 

2
o

3
, Hf0

2 
Ca:::-bides: HfC, ZrC 

The ble nded powders were compar::ttd at 50 tsi, then sinte::- ed 

u nder vacuum for 10 minutes at 2800° F. !='o:::-tions of ach sample w e::e t h e n 

anneal din qu rt z bulbs under argon for 50 hours a: 2000° F and fo;;- 8 and 16 

hours at 2400"F. A s p ecim.en of·the alloy powde_ without a dispersant was 

also us e d for the purpose of compa:ring metallographic i:'.nd hardness data. 

2. Metallographic Observations 

M etallogr aµhic examination of the as - sin: re d specimens re­

vealed that relatively high densities were obtained, and the;;-e was ver y little 

reaction betw en the dispersant and the vanadium - columbium a1loy grains 

after the brief 2800° F treatment. The wide range of stability of the va.riot:s 

dispersants was imme diate ly evident upon metallographic examination after 

th 16-hour anne aling treatm e nt at 2400" F. Specimens of the V-60Cb- 1Ti 

alloy containing ahunina and thoria were e>-'tremely por ous, and oxid·s wer e 

not vi sible in th micro st:- uctures . Some rounde d po:::-es were als o obse:-ved 
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in he mate1·i a l to\ hich h,. fnia h ad b e n a ddt' d. So m r eact ion was a l so 

obs rv cl in th alloys contai n ing lanthana nd c ria, whil the s p .i m •n 

c ontaining yt r ia appear e d to have unde r gone l ittl chang e dnring th e 2400°F 

tr atm nt. Th two arbide dis p rsants a pp a r d t o have r acte"d s l ightly 

w ith th a lloy base. The specime n cont aining HIC had a fine p r ecipitat e wi h­

in t he vanadium a lloy grains, indicating soluti o n and pr cip it ation of the 

carbid du r i n g ann ali n g. A somewh a t d iffe r ent r ac t ion was noted i n the 

sample containi ng ZrC: som e of the carb ide h ad di ssol ve d .. as indicated by 

a pr cipitat e with in the grai ns, and a gray-colored r action zon e w as not e d 

around each a rbid e particle. 

Photon ic r ographs of the p owder m e tallurgy V -60Cb-1Ti alloy 

and of a similar alloy base containing Y 
2
o

3 
ar present d in Figures 5 and 6 . 

Th undis pe rs .d a lloy w as cold-compressed to a 70 p r cent r e duction in 

height aft-e r in t r.ing, d emonstrating th r oom -t mperature du ctility a s 

i llu s trat d in Figu r 5. The com p osition cont a ining yttria (Figure 6) was 

annealed fo r 8 hours at 2 400°F , a nd s hows the ox:id phase pres nt i n the gr ain 

boundari·es . 

The l owe r-t emp e rat ur e (2000°F) annea lil'1g treatment did not · 

pr od uc as s ignificant structural changes in 50 hours as did the 2400°F, 

16- hour treatment. one of the s p cimens exhibited m !ting or large por e~. 

a lthou g h fine p o rosity was present in nearly all of the specimens. The grain 

size of the vanadium-columbium alloy matr ix was finer than observed after 

the 2400°F anne als , indic ating that grain growth took place during the latter 

tr eatm nt. 

3. Ha r dn ss Surveys 

Micro hardn ss m easur e m nts of the indivi dual V-Cb-Ti alloy 

grai ns w r obtaine d aft r sintering a nd a l s o after th e 16-hour 2400°F ann al­

ing tr eatment ; these data are present d i n table VIL Some solution of the 

di s p e rs a nt was exp ected during the brief 2800°F sintering tre atment, and 

this a ppea rs to hav occurr e d in all compo s it ions to a varying exte nt. The 

base hardness of V-60Cb-1Ti, fully annal d wrought stoc k is, VPN(lO kg) 

340 . T aki n g i nto cons id e rati o n th xtr m ly light l oad (SO- gram ) used to 

obt ai n the d a ta i n Tabl e VII , the alloys c ontaining yttria a nd zirconium carbide 
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Fig. 5 
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xsoo 

V-60Cb- l Ti alloy prepared by 
powd e r metallurgy. After sinter­
ing at 2800°F, this material was 
compressed 70 p er cent in height 
at room temperature. 

Neg. No. 24914 xsoo 
Fig. 6 

V- 60Cb- l T i a lloy containing 7v/o 
yttria. After sintering at 21;300°F, 
the specimen was annealed for 8 
hours at 2400°F; the dark grain­
boundary phase is yttria 

Et c hant: 1 part HN0 3 , l part HF, 
3 parts glyc<! rin. 
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Dispe rsant 
(7 V /o) 

HfC 

ZrC 

Y203 

La
2
o 3 

Hf02 

TABLE VII 

MICR OHARDN ESS OF V-60Cb- 1Ti ALLOYS 

CO TAINING DISPERSED PHAS ES 

Mic r oha::- dn es s i n V- 60C b < Ti Grains, VPN(SO g) 

As Sinte:- ed( a) Annealeibl 
Hardness 

As Increase 

423 423 0 

396 487 91 

386 6 5 269 

524 766 242 

453 825 372 

(a) 10 minute s at 2800° F under vacuum 

(b)Sintered as above, then annealed 16 hours at 2 oo• Funder argon. 
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wer e 11a rd n d only s lightly during sint ring (VPN 386 and 396, r esp c ti l y). 

S!ighlly g r ea r ha rdness es w •re measur d in th a llo y containing halnium 

ca r bid (VP 423) and hafni a (VPN 453 ). and 'the alloy ontaining l anthana 

was Lhe harde s t (VPN 524 ) in the as-s i ntered condition. 

A much wid r spread of hardness in the V - Cb-Ti o.-lloy grains 

was found alter annealing for 16 hou rs at 2400°F . The composition contain ­

ing hafnium carbi d e r emained unchanged in hardness, and the zir.conium 

carbide dis persant produced a r ise of 91 points to VPN 487 . Hardness rises 

n ar 2·50 points o c curr d after annea l ing h alloys c ontaining yttria and 

l anthana , and the gr at st hardness increase (372 points) was found in th 

a lloy containing bafnia. 

Hardnes s measurements were not tak n on t h e s p ecimen s 

annea led at 2000°F b ec aus~ the fine porosity and small e r grain size did not 

permi accurat impr ssicns. Efforts to cold wor k thes sampl s wer not 

~uccessful b cause accumul ation of the rather coarse dis~ersants and poros i ty 

a t t h grai n..,. boundaries drastically r e duc d the st r ength of t h e composit s. 

The us . o f fin e r d i s p ersants plus a wrought structu;re may have yie lde d re ­

sult s at 2 000°F mor e in l ine with ob se rvati ons made on the e re p-test d 

wrought alloys-- i. e . , that zirconium carbid was mor e stable t han h afnium 

carb ide at 2000°F. S ine er p t es t s w e r not co~duc t e d o n wrought stock 

at 2400°F, the s upe r iority of hafnium ca rbi9e as a dispe r sant at higher 

t mp ratur s h as not b een verifi d . Howev r , t n sil e data obtained und e r 

e arli e r alloy dev lopme nt s tudies show d that h a fnium a dditions to V-Cb-Ta 

produced th h igh s t 2400°F strengt h on a short -time basis. 

IV. SUM.\.1ARY A D CONCLUSIONS 

F i n ly disp rs d carbide phas es iu vanadium - col umbium 

a lloys , r inv estigat d for the purpos e oI improving the l ong-time el vat d­

t mp r atu r e strength prope rti s of these materia l s . The maj ority of alloys 

were b ased o n V-60Cb, a lthough a fe w com p ositions based on V -40Cb -30Ta 

were also inves t igated . The se alloy ba s s w re furthe r complexe d with 

tit aniu m , zir onium , or hafnium in combination w ith up to 0.2 w/o c a rbon. 

N onc onsum ab l - 1 ctr od arc-m lt ing t chniques w e r usea to prepare 

150- to 200 - g r am ingots whic h w e re fab ri cated to 0.0 5 0 inch thick sheet by 
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hot , , a rm , and/or cold rolling . As ries of p owd r- rn eta llu r g a ll oys, 

bas don V- 60Cb-1Ti and containing 7 vo lum p r c nl of va r ious oxides 

or carbides, w r also JJ, ~par d for studying compatibility b tw e n dis­

p rsants and the . alloy matrix. 

The fabricabi I i y of the a rc-m e lt e d a lloys vario?J l:O n si d e r­

ab l y . Alloys based on V - 60Cb - l Z r containing up to 0. 2 w / o carbon could 

b e r e nd er d to s h eet, wh e r as t he V -60Cb-1Hf alloys containing carbon were 

very dHficul to wor k. Sat i s facto r y sh e t could n ot be obtain d from any of 

th V-40Cb- 30 Ta base alloys containing hafn ium o r zircon ium in comb ination 

with 0.05 or 0.1 w/o carbon. 

Hard n ss levels of th annea l e d a lloys w r pr ima r qy d e p nd-

nt on carbon cont nt: the 0 . 05 w/o carbon material s, VPN 352-365; the 

0.1 w/o carbo n a lloys, VPN 383 - 390; and th 0 . 2 w/o carbon compositions , 

VPN 412-423. Th e hafnium-containing materials had high r r c ryst allization 

t e n-:pe r atures than d id the alloys contai n ing zirconiu:n, a nd in general , highe r 

carbon levels produc d highe r r ec r ystall ization t mpe rature. 

Short- tim e creep t es ts w e r e c o nduct d in air at 2000° or 

2 l00°F on she t samples wh ich were si li coniz d b y p ack- c m e nt ation. The 

stress leve l s r anged fr om 5 , 600 to 16 , 700 p si for up to 7. 5 hours, a nd the 

c r eep-tested specimens were th en t e n si l e tested i. room t e mperature, 300° 

o r 600°F. It was found that samples whic h exh ibit e d le.ss than 2 p e r cent 

c r eep r e tain~d most of their strength a nd ductility when t e nsile t es ted at or 

nea ,· room t mpe rature. If h igh e r creep values were obtained, the specimens 

w r e usually brittle whe n subsequently t e nsile tested. Some of the inc .. ease 

in ductil e - to -brittl e t rans iti on t emp rature of the sample s was attributed to 

oxygen and/or nit roge n p ickup during the siliconizing process . 1n spite of 

t h e room-tempe rature embr itt l eme nt of some of the specimens, the 2000°F 

creep data u.,e re reproducible and consistent. 

Creep rat es among the diffe rent alloys t s t e d under a single 

set o f cond itions varied by a factor of 2. 6 to 1. Most of th e specime ns were 

s tressed for 2.5 hours und e r 11 , 200 p si at 2000°F , and the most creep-

r sis tant a lloy was V-60Cb-10Ta-1Zr-0 . 075C whi c h had 1.25 per cent 
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l o ngat i on. Under the same s tr e ss ond itions , V-60Cb-1Ti and V- 60Cb-1Zr 

a ll oy s cont ai n in g up to 0. 1 w/o carbon had up to 3 . 3 per cent ere p, a nd 

si milar h igh creep rates were found i n the alloys containing hafnium. The 

1 tte r b e havior cannot be e xplained, as s tudi s of powde r metallurgy alloys 

containing ZrC c - HfC dispersants ind icated that hafnium carbide was the 

more stable dispersant at 2400°F. It was found that creep rates were g r eatl, 

accelerated by increasing the stress lev e l to 16 , 700 psi, or by i ncreasing the 

t emperature to 2 l00°F. 

Elec tron micros c ope stud 'e s showed that the more creep-

r sistant alloy s b a d r lative ly clean grain bound a ries, and the grains 

containe d a s pheroi dal pre cipitate having a maximum diame ter of 0. 2 microns. 

Higher cr eep rate s in high-carbon alloys w e re associated with l a rge r volumes 

of pr ec ipitates, both within the grains and in the grain boundaries. 

These i nv estigations have shown that alloys based on V-Cb-T.i 

with zirconium and carbon offer th b est combination of fabricability and 

2000°F creep r esistance. Suitable h e at treatme nts may be devised for 

V - Ch-Ta-HI-C alloys so th a t grain boundary carbides which inhibit worka­

b i lity may be avoided. Suc h alloys may exhib it improved creep resistance 

a t mperatu r Ps near 2400°F. A l a rge a r ea of the V-Cb-Ta system has not 

b n i nve st igated, and i t is possibl e that useful compositions may b e found 

at tantalum lev e l s of 15 to 25 w/ o , w ith 40 t o 50 w/o columbium and 30 to 

45 w /o vanadium . 

V . LOGBOOKS A D CONTlUBUTING PERSONNEL 

The data accumulated on this program a r e recorded in 

IITRI Logbooks C-13170 and C-14231. 
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