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f n  work to develop aa te r ia l r  f ir elevatod tenperrturc, 

applicationr, binary colurbitm rlloyr containing ei ther  2.37 40 
chrorriusa, 3.34 w/o t i r con iu ,  or 5.21 40 vanadium wexe fabrio 

cat& t o  rheet by forging a t  550 C and rol l ing a t  room tuaperaturo. 

A l l  three alloys were conpletely recrystrlllrod r f t r r  90 par 

cant cold rark (rduttion i n  thicknrrr) and a one hour anraerl 

a t  1150 C. 

Tenrlle tor t8  on the anmaled materials a t  650, 800, 

1000, 1150, and 1315 C Indicated that chramim, t ireoniw, and 

vanadium are potent strengthenerr of tolumbim. A t  1000 C the 

2.37 r/o chrosiw and the 5.21 w/o vanadium alloys had 0.2 per 

cent offoat yield strengths o f  38,000 psi and 38,300 psi rr- 

rp.ctively. A t  1315 C, the 3.34 w/o zirconium alloy had a 0.2 

par cent o f f n t  pimfd etrawth o f  14,700 psi. 

Gtresser t o  produce creep ra ter  o f  0.0001, 0.01, and 

0.1 per cant par hour werr deterrined for  a l l  three alloy# a t  

650, 800, and 1000 C. The rrnrdiu alloy rxhibitod the greatert 

crclrep resiotancclr, rrquiring r t rasrer  of 52,900, 10,000, and 15,500 

pei ta produce a crew ra te  o f  0.001 per cu l t  per hour a t  650, 

800, and 1000 C respectively, 

Xhir research indicator that  rignificant impravesent i n  

the ~ c h u r i c r l  properties of columbium can be rehirved by alloying 

witbout undue sacr$f ice o f  fabrieabillty. 



FIGURE 1. EFPECT OP ANNEALING TEMPERATURK ON ROOM-TECrgPERATURE 
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Elevated-Temperature Creep and Tensile Prorortiea 
-. . . 

of Three Columbium-Basa Alloys' 

J. A. DeYlestry, P. R. Shober, and R. P. Wckerson 

Tho study of columbiue.llulao alloys for  elevated tllrpperia- 

tuto applicrttono l a  gonerrlly motivated by tha deeilro to develop 

materiale which have high rerristrnco to creep while maintaining 

the excellent fabricability of unalloyed ~~~~~• Iha alloying 

rddltiono undl i n  thia investigrtlon were selected t o  produce 

alloy8 which would have a maxirnurn of mechanical rtrength and r 

minimum of diff iculty i n  fabrication. Because of t h i s  the alloying 

additions were limited to  those which would produce solid solution 

alloys. Thsroforo the increased otrsngth is limited generally t o  

that obtainable through solid-solution strengthening mchmimr. 

In i t fa l ly  binary and ternary alloys containing additions chromium, 

molybdmm, titanium, tentslum, vanadium, and zirconium were made 

( *  Them i n i t i a l  studies indicated that ch-um, vanadium, 

and oirconiun showed tha moat promiee fo r  additional studieo. 

m e  W n a l  cornpoettione selected wore colmbiua-2 w/o chroniuar, 

niobium-9.5 w/o zirconium, and niobim-5.2 w/o vanadium. 

The abova mentioned alloye were prepared by conmteaable- 

electrode rrc-aelting techniques f m  high-purity molting stock. 

Analyeec for tho melting atock and alloyiiq additions are shorn 

i n  Tables 1 and 2. Zirconium additions wars mado i n  the fonn of 

a e e t  which war welded onto the 3/4-in. diameter colusbim rod. 

Work performed under AEC Contract 1-7405-(sng-92. 



Alrrralnum 4 0  Molybd@nuas 40 

Bonn 4 Nickel 420 

Cadmium 45 Nitrogen 60-89 

Cavban 90 Oxygen 85 

Chromium 90 Silicon 100-160 

C o w r  4 Tin 4 0  

Hydrogen 40 Tantalum 570430 

Iron dOO Titanium a30 

h a d  QO 'Pungsten 400 

Magneef um 40 Vanadium 40 

Manganese a0 Zinc 00 

ZIrconlun .csoO 

m, , ., . . 

(a) ~nalyris furnished by Nah Chang Corporation. 



ed Addition Iilcsent. pp- 
fepurit~ Zirconiura Vanadium 

Iron 
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Oxygen 
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T f  n 
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Tho chwraiur and vanadiul addlt;font were made in  the form of granule8 

which warn weldod into place hn 114 deep grooves on tho nlobim 

rod. Iho chm#iuar. addition war overcharged appro~~imately IK) per 

cant to compensate for form0 due t o  vaporieetlon during melting. 

Tho eleatrodes thereby prepared were canru~rrbly arc 

meltad (argon atmosphere) into a water-cooled copper cructble* 

Aftax melting, the ingots *re lathe turned top and b~ttorr, quartered, 

rewelded into eloctroder, and remelted. After the second molt  the 

Sngots ware cropp.6 and turned on a latho t o  rmru rurfaco iPper- 

fectlonr. Tho ingoto weighed approwtutoly 3 fbo af te r  the above 

conditioning. Turningo from tho top and bottoll of each Lngot wore 

analyzed. The result8 of thero analyror are  ahown in Tablo 3. 

Tho esraporftfons were rufficlently cloas t o  that desired and ilpurity 

pickups during melting were minioafal and contidered to be accept8ble 

t o t  t h i s  study. Mtcrorttuctuml examination show8 a l l  threo alloy8 

to  be clean rainglcb Mano rtmcturrr.  

Ingot8 of arch alloy were waked for 30 min prior t o  

forging a t  550 C i n  a furnace through rrhich helium conetantly 

flowed. After soaking the alloy fngota were xoduced approximately 

IK) par cent by forging. During forging care was taken to work We 

ingot #lowly unti l  surface doformlion war notedt a f t e r  the rurface 

bad beon worked lightly, the ingot could be worked mw heavily, 

"fho forgod rlabr were than "warmu (350 C) rolled t o  0.20O-irssltbick 

&oat. This 6heet was rubsoqurntly vapor b l u ~ t r d  t o  raaove a rllgnt 

nrrfaco oxide and rolled to 0,040 i n  thick &oat r b  roar tomporaturr. 



c~idrbiule) ,  w/o, . IwurSty Content, ppm 
l4omhal Anel yoed Oxygen Hydrogen Mitrogen Carbon 
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The tclaperuture a t  which racrystrl1ixation was cmpleto 

war dotednod far a11 ULrw alloyr studid. l?te eAloy1) were re- 

duced 90 per cant (rrbuction I n  thicknerr) and given r J br vacuum 

anneal which wee followrd by furnace cooling, sgeclment uoro annealed 

over thr temperature range from 980 througfr 1315 C a t  53 C Intervals. 

After annealing Vickeru hardness masurmants m r o  mads 

on each apeciaen and the remilts obtained are shorn plotted versus 

annerllng teaaperature i n  Pigure 1. It can be readily reen that 

both the c01tHPbium and the  columbiua alloys underwent 8 large dr- 

cream i n  hardness between room temperature and 980 C. The hrrdnerr 

of the coluabim-2.37 w/o chmiua and col\tplbium-5.21 w/o vanadium 

a110ys stwed no change above thicl tamperatwe to  1315 C, Irbile 

Ulr, hardneae of tho columbium and colmbiwn-3.34 w/o tirconitm alloy 

contlnurd t o  drcrsaro up to  lOOS C beforc 8 rimilar plateau wro 

9~id- t  

A set  of typical microstructura8 of the colwbiua-3.34 

w/o xirconftm alloy i n  vrriour rtageo o f  rocryrtaflf muon i e  &own 

in Figurer 2. Flgurr 2a ahma the atnrcturr, r u  cold worked. Anneal- 

ing a t  980 C (Figure 2b) produced no appreciable change. However, 

tha rtructure of t h r  s p e c i m  annealed a t  1-5 C (~lgure 2c) shwo 

a partially r*cryetrlli&ed structure while after  annealing a t  1150 C 

(Ff m e  2d) rocryutaltiratlon uae complete. Evidence of grain growth 

as r result o f  annealing a t  a still higher temjwrature (1200 C) i r  

shom 1n Plgura 28. The 2.37 w/o thromiun and 9.21 r/o vanodium 

alloys ohowad corepl6te xecryrtalliaation af ter  mnerling a t  l l S j O  C. 



FIGURE I. EFFECT OF ANNEALING TEMPERATURE ON ROOM TEMPERATURE HARD- 
NESS OF COLUMBIUM-BASE ALLOYS 





Becauor recovery occurs below the recrystallization tempera* 

ture, no pronounced drop i n  hardness occuro a t  the temperature a t  

which recrystalliurtion is observed. It took approrbatr ly 1 hr  t o  

heat the speciarns to the eelacted annealing temperature during a c h  

t b  otrras re l ief  and reduction in  s t ra in  energy apparently e l ia imted 

a l l  but o 1Lnritrd number of  s t ra in  canters having sufficirnt  enorgy 

W t a i t i a t e  the grooPth of new grahr. Thus the microetntcturor rchiowrd 

rsbovo tho r*cryatellization trmporaturr reprrsent the product both 

of rrcryetellization i n  areas *ere such atrain centers were ovoilable 

end of rimple grain growth, when the r t ra ln  energy was i n su f f i c i rn~  

t o  nucleate new grains. The grains undergoing grain growth maint8tned 

theit cold-uorkad sligrrment t o  yield the f inal  elcroortructure obrrrvrd. 

Equiaxed, ncxystaf lioed grains are interspersed between those slightly 

aligned grains. 

Tensile t e s t s  were perfomed a t  650, 800, 1000, llSO, and 

1315 C on sheet specimens parallel t o  the direction of rolling. A 

s t ra in  rat0 of 0.002 in per In. per rnin i n  the s lao t i c  rrgion uat 

maintainrd. The straln ra te  was increased t o  0.013 in, per in. par 

min beyond the proportional l i m i t .  A l l  t e s t s  wera perfonred i n  a 

vacuun of 1.8s than I x log3 mi of mercury. The effect  o f  tempera- 

t w a  on tho tensi le  properties of the coluabtun alloys 1nvrsttgat.d 

ore ohown i n  Figure 3. On a weight per cent barfs chromium rppearc 

to be the moat potent strengthener of colmbiua up to 1150 C, although 

the properties of the drrcualurr and o f  the vanadluai alloy are about 

equal. 
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FIGURE 3. EFFECTS OF TEMPERATURE ON THE TENSILE STRENGTH OF 
COLUMBIUM-BASE ALLOYS AND UNALLOYED COLUMBIUM 

All of the specimens were annealed I h r  a t  1450 C pr ior  to testing. 
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A rurrry of the atrerser Wat nfli produe8 creep raterr 

sf 0.001, 0.01, and 0.b pr r  cant per h r  st 650, 900, and 1000 C Ls 

&own i n  Table 4. The m a p  m t e r  obtrfnad f roa  a l l  t e s t s  are plotted 

i n  Figure 4. Stresaes producing the relrct8d creep ra ter  shown In 

Tabla 4 -re taken frar t h i s  graph. 

Yost of the t e s t  vpeclmrnr behaved i n  a w m a l  nrnner) 

howuer, the colwbiur-3.34 W/Q zircaniu allay ahowad roae unwual 

chrracterir t icr  a t  6 N  and 800 CI The sprciwnr a t  6iK) C wrrr loaded 

to very high s t r e u e r  rince praoiour work w i t h  an alloy o f  ri . i lar 

eamporitlon hrd JHmn WIG a t  this tuperatuxe no creep was obsemrd 

unt i l  the ultimate rtrengtb war rpproachMr A t  C, tb alloy 

aithrr failed on loading o r  ton t inud  on toot indefinitely a t  a very 

lorr crew rate. l'he difference i n  stress for fatlure on loading ud 

for ers8ntir l ly eontinuour rervico is  very rerll and essentially 

the w e  rtrrrrs could produee ai thrr .  Zn the c r ie  el? the ahert-tlre 

fr i lurer ,  the lord applied war e i ther  equrl to  or abave the u l t i u t e  

tenr i le  strength o f  tho dloyr, which would be expected t o  xerult 

in failure. In the spetiuenr which did not f a i l  during testing, 

large (6 ta 1QR) i n i t i a l  elongations were noted. A l s o ,  a t  650 C, 

the strain hrrdenihg introduced by the t n i t i r i  dafonrrtton i n  the 

zirconium alloy was apprrently mff$cient t o  produce rpprectrblm 

rtxengthenhg. Stnee tho test taaperoture of 650 C is about 500 C 

below the r e c r p r t r t l i t * t f o ~  teaprrrture f o t  t b i s  alloy. reconry is 

slow, and, the alloy $8 not ra te  arnri tfvr  m that practicalty no 

difference tn the r trvrser  $8 rrqusred t o  preduce cxrep ra ter  of 

0.001, 0.01, a d  0.1 per cent per bx. 



TABLE 4. STRESSES TO PROWCE CREEP RATES OF 0.001. 0.01, AND 
0.1 PER CEW PER HR IN THREE C0LWfUMlf)ASE AUOYS 

. Alloy Coagrosltion 
(~8lrmcr Colunb~tm), Streas, pal, to  Produce Creep, Rat* shown 

40 
- 

0,001 Per Cent per XX 0.01 Per Cent per )h: 0.1 Per Cent per Hr 

5.21 vanadium 40,000 42,H)O 45,000 



I I 1  
Legend 

0 Colurnb~urn-2.37 w/o chrornlum # 

A Columb~um-3.34 w/o zirconium 

. v-  

0.0000 1 0.000 1 0.00 1 0.01 0.1 1.0 . . 

Minimum Creep Rate, per cent per hr  0 27603 

FIGURE 4. STRESS VERSUS MINIMUM CREEP RATE FOR THREE COLUMBIUM-BASE ALLOYS 
AT 650 ,800 ,  AND 1000 C 
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A t  800 C, the atrerr-vernrscrinirw creep ra te  curve 

(Figure 4) for  th ia  rirconim alloy &or8 m abrupt change a t  abwt 

the rtxmtr rcrquixod for a weep ra te  o f  0.001 per cant per hr. Thfr 

abrupt change 2r also probably a rorul t  of $train hardming, with 

tn0 in i t i r l  dofornra0ion intmduted during tho trrtr a t  the two bigher 

atrorser probably introducing enough etrmngthening €0 affect  tho 

creep proportleec Tho transition not& i n  the rtrers-verrua-creep 

rate curve for  thir alloy a2 800 C very likoly rofleetr differences 

i n  creep ~f slightly atralncrd niobium-zirconium alloys and f u l l y  

mnorlod u t o r i a l a 4  

A t  1000 C strain-hardening offacts m r e  not noted, and 

nanul creep behavior was obrervod fo r  the zireoniur alloy. 

lksign curve6 for each af the threo allay8 wore prepared 

fm creep to r t  data and are  rhown i n  Figurer 5, 6, and 7, Those 

figurer show rupture curroa and also curtrer xopreamting variouc 

p~xcmtrgor  o f  tet.1 dofoxmation a8 retatod to rpocifie s t r e c u r  

a d  tiuea. Thore dofsnutionn were not tho  r u e  for each eondttion 

bocauro identical dofonutionr mxe not aiwayr availrble. Dorip 

curvet were n6t prepared for the columbiin 3.34 w/o rirconiu r U o y  

a t  6% C because tho w e r r a r y  data were not ivaihbloc  

Strraa*nrpture data have beon rwradutod r a  cuwver of 

atrera t o  rupture rerrur tapprrrturo i n  Pfguro 8. h t a  are rhom 

for 10, 100, and 1000 hr t o  rupture far each alloy a t  each tmperrl- 

ture. Thore curve8 represent the maximum rtresses that tho thrae 

rlloya would teloxat. under r particular strorr-ti~e*t;u~peratuxe 

rlturtion. 
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FIGURE 5. DESIGN CURVES FOR COLUMBIUM-2.37 w/o CHROMIUM ALLOY 



FIGURE 6. DESIGN CURVE FOR COLUMBIUM-3.34w/o ZIRCONIUM ALLOY 
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FIGURE 7. DESIGN,CURVES FOR COLUMBIUM-5.21 W/O VANADIUM-ALLOY 
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FIGURE 8. TEMPERATURE VERSUS STRESS TO RUPTUR'E AT 10,100, 
AND 1000, HR FOR THREE COLUMBIUM-BASE ALLOYS 



A cereful analysis of the data presented indicates that 

the coluabitm-2.37 w/o chroaoium and columbium-5.21 w/6 vanadium 

al loys 81% quits similar in  creep properties, with the v a ~ d i ~  

al loy having s l ight ly  better creep strength, The creep strength 

of  ttu columbium-3.34 w/o zirconium al loy  I 8  generally poorer than 

the c o l ~ i u n - c h r o a ~ u m  or columbium-vanadlm alloy, 

A s  a xeoult of the research discussad i n  the previous 

oections, it can be concluded that 8IgnLficant irprovmsnt in  the 

mechaaical properti06 o f  columbiur can be achieved by alloying with- 

out undue sacrifice of fabricsbility. Olihfle ease o f  fabricability 

5r iapalred by alloying, alloys have h e n  deoelopad which should 

bo amonable to  fabrication by normal procedurrr. 
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