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DEVELOPMENT OF HIGH-STRENGTH NIOBIUM-ALLOYS 
FOR ELEVATED-TEMPERATURE APPLICATIONS 

John A. De M a s t r y , F r e d e r i c R. Shober , and Ronald F . Dickerson 

.! sliidy to improve the elevated-temperature strength of niobium h\ alloy
ing has resulted not onh in greatly improved strengths at 1200 and 1470 F hut also 
in the development of improved fubrieution techniques for these allovs. 

The most important step in the fabrication procedure of niobium and 

niobium-base alloys is the initial breakdown of the cast structure. The cast struc

ture of LSI u o chromium, 3.21 f • o chromium, 4.33 v o zirconium., and 20.3 ti o 

titanium-1.28 chromium alloys and unalloyed niobium was liroken down by forging 

ingots (protected from oxidation by mohbdenum cans) at 25.W F and rolling at 

800 F. liter the initial hreakdoun of the cast structure, the allovs uere cold 

rolled to a total of 05 per cent reduction with no difficulty. 

.1 second fabrication technique teas employed for a second set of alloys. 

Vnallo\ed niobium and 1.29 w o chromium, 2.7i ic o zirconium, i.5 w'o molybdenum, 

and 10 tr o titanium-3 ir o chromium allo\s were forged and rolled at 1000 F to 

break doun the cast structure and tf en cold rolled to 0.03C-in. sheet. The sheet 

obtained by this technique showed moderate edge cracking. 

Tensile tests on the cold-worked materials at 1200 and 1170 /• indicate 

that chromium and zirconium are both potent strtngtheners of niobiun-: the LSI w'o 

chromium allo\ had a 0.2 per cent offset yield strength of 107,000 psi at 1200 F 

and 69,000 psi at H70 I', and the L13 w'o zirconium alloy had a 0.2 per cent off

set yield strength of 69,000 psi at 1170 F. 

Limited welding studies indicate that strong and reasonably ductile welds 

can be produced hot^ by arc and spot weldine. 

INTRODUCTION 

The need for an a l t e rna te cladding m a t e r i a l capable of withstanding the hiyh 
operat ing t e m p e r a t u r e s (1200 to 1470 F) of advanced designs of r e a c t o r s of the EBR 
type has motivated a cons idera t ion of al loys of the r e f rac to ry elen-ients. The forrnatis-m 
of the i r o n - u r a n i u m eutect ic at 1340 F prec ludes employment of the Type 347 s ta inlesb 
steel cladding used in the EBR-1 . The development of niobium alloys for the EBR-II 
appears a t t r ac t ive l iecause niobium, which i s a l r eady adequate in niechanical s t r eng th , 
t he rma l conductivity, and co r ros ion r e s i s t a n c e to h igh - t empe ra tu r e sodium for the 
OBerating conditions of the E B R - I , can be improved marked ly by alloying. The presen t 
invest igat ion v a s under taken to develop a n iobium-base alloy which would be super io r 
in s t rength to s ta in less s teel at 1200 to 1500 F , be r e s i s t an t to at tack by 1500 F sodium. 
and be fabr icable by s tandard techniques , and in which ductile welds could be producee . 

Selection of alloying e lements was based oti the i r probable s trengthening effect or 
on thei r ability to improve fabricabi l i ty . Chromiuin . molybdenum, and z i rconium were 
used as binary additions^ and a luminum, cJiromium, tan ta lum, and t i tanium were ut ed 
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for t e r n a r y a l loys . Except for t i t an ium, all of these e lements should s t rengthen 
niobium by sol id-solut ion or age-hardening m e c h a n i s m s . Ti tanium additions tend to 
improve the fabricabi l i ty of al loys containing a luminum, c h r o m i u m , and tanta lum. 

To i n su re that p romis ing al loys would be readi ly fabr icab le , cons iderable a t ten
tion was given to fabricat ion p r o c e d u r e s , pa r t i cu l a r l y the ini t ial breakdown of the cas t 
s t r u c t u r e . Two s e r i e s of al loys were p r e p a r e d to study this p rob lem. In the evaluation 
of fabr icable m a t e r i a l , e l eva t ed - t empe ra tu r e s h o r t - t i m e tens i le t e s t s on sheet spec i 
mens were used to obtain s t rength da ta , while t e n s i o n - s h e a r and bend t e s t s w e r e 
employed to study the weldabili ty of the a l loys . Both spot and a r c welding were 
invest igated. 

ALLOY PREPARATION 

Two s e r i e s of al loys were p r e p a r e d by c o n s u m a b l e - a r e a melt ing for this study. 
The f i r s t s e r i e s cons is ted of unalloyed niobium, s ix niobium a l loys , and vanadium alloy. 
The composi t ions were as follows: 

Unalloyed niobium 
Niob ium-1 . 84 w/o ch romium 
Niobium-3 . 21 w/o c h r o m i u m 
Niobium-4. 33 w/o z i rconium 
Niobium-9. 95 w/o t a n t a l u m - 3 . 31 w/o ch romium 
Niobium-39. 8 w/o t i t an ium-10 . 6 w/o a luminum 
Niobium-20. 5 w/o t i tan iuni -4 . 28 w/o ch romium 
Vanad ium-11 . 7 w/o t i t an ium-2 . 6 w/o niobium. 

The second s e r i e s cons is ted of: 

Unalloyed niobium 
Niob ium-1 . 29 w/o c h r o m i u m 
Niobium-2. 74 w/o z i rconium 
Niobium-4. 5 w/o molybdenum 
Niobium-10.0 w/o t i t an ium-3 . 0 w/o chromium. 

The mel t ing p r o c e d u r e was ident ical for both s e r i e s of al loys although they were p r e 
p a r e d at different t i m e s . 

Tables 1 , 2 , and 3 l i s t r e su l t s of chemica l ana lyses for the major impur i t i e s in 
niobium, vanadium, and all alloying addit ions used as melt ing stock in alloy p r e p a r a 
tion. The niobium used was rece ived in the form of s in te red rod to which the de s i r ed 
alloying additions were welded. Chromium l o s s e s due to volat i l izat ion during melt ing 
were expected and ch romium was overcha rged 100 p e r cent. The vanad ium-base alloy 
was p r e p a r e d by forming a compact of niobium, t i t an ium, and vanadium granules under 
p r e s s u r e . The above-naentioned welded rods and p r e s s e d - c o m p a c t e lec t rodes were 
then consumably a r c mel ted (argon a tmosphere) into a wa te r -coo led copper c ruc ib le . 
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TABLE 1. CHEMICAL ANALYSIS OF NIOBIUM USED 
FOR ALLOY PREPARATION 

Impuri ty E lements Amount, ppm 

Aluminum 20 
Chromium <20 
Iron <100 
Manganese <20 
Molybdenum <20 
Nickel 20 
Silicon <100 
Tanta lum 630 
Ti tanium 30 
Tungsten <300 
Vanadium <20 
Zi rconium 60 
Carbon 37 
Hydrogen 33 
Nitrogen 235 
Oxygen 200 

TABLE 2. VENDOR' S CHEMICAL ANALYSES OF VANADIUM 
USED IN ALLOY PREPARATION 

Impurity E lements Amount, ppm 

Carbon 610 
Hydrogen 160 
Oxygen 500 
Nitrogen 800 
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T A B L E 3 . C H E M I C A L A N A L Y S E S O F A L L O Y I N G ADDITIONS F O R N I O B I U M - AND 
V A N D I U M - B A S E A L L O Y S 

A n a l y s i s of I n d i c a t e d A d d i t i o n E l e m e n t , p p m 
I m p u r i t y A l u m i n u m C h r o m i u m T i t a n i u m ^ Z i r c o n i u m M o l y b d e n u m 

A l u m i n u m 
C a r b o n 
C h l o r i n e 
C h r o m i u m 
C o p p e r 
H a f n i u m 
F lydrogen 
I r o n 
M a g n e s i u n a 
M a n g a n e s e 
N i t r o g e n 
Oxygen 
S i l i con 
T i n 
V a n a d i u m 
Z i r c o n i u m 

— 
__ 
__ 
__ 
20 
— 
— 
10 
10 
__ 
__ 
- -
10 
__ 
— 
__ 

- -
10 
- -
— 
- -
— 
— 

2 
— 
- -
- -
15 

<20 
<20 
<3 
<20 

<300 
50 

800 
<50 

<100 
— 
70 

<50 
20 

200 
20 

190 
100 
- -
200 
__ 

- -
50 

__ 
__ 
__ 

<200 
- -

200 
__ 
__ 
60 

— 
__ 
- -
— 
- -

(a) Titanium was supplied by U.S. Bureau of Mines. 
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After mel t ing , the ingot was tu rned on a l a the , cut into q u a r t e r s , welded into an 
e l ec t rode , and remel ted . The final ingots weighed between 3 /4 and 2 kg. After the 
second m e l t , the ingots were cropped and lathe tu rned to remove surface imper fec t ions . 
All ingots appea red sound with the exception of the alloys containing t i tanium; these 
exhibited mild piping and poor surface qual i ty , which was probably due to the high gas 
content of the t i tanium. 

ALLOY FABRICATION 

The ini t ial breakdown of the cas t s t r u c t u r e is the key step in the fabricat ion of 
n iob ium-base a l loys . If the c o a r s e a s - c a s t s t r u c t u r e can be sufficiently refined without 
c rack ing , then many n iob ium-base al loys can be readi ly fabr ica ted at room t e m p e r a 
t u r e . In this s tudy, the cas t s t r u c t u r e s were broken down at both elevated (2550 F) and 
low t e m p e r a t u r e s (1000 F) . The f i r s t fabr icat ion was accompl i shed by upse t h a m m e r 
forging after enclosing the al loys in molybdenum packs at 2550 F . All al loys of the 
f i r s t s e r i e s were fabr icated in this manne r . Fabr ica t ion of a second set of al loys was 
accompl i shed by upse t forging unclad ingots at 1000 F . All al loys of the second s e r i e s 
were fabr ica ted following the second method. For the sake of s impl ic i ty the fabricat ion 
of al loys in each s e r i e s will be reviewed sepa ra te ly . 

Forging of Alloys in the F i r s t Se r ies 

The f i r s t method of ini t ial c a s t - s t r u c t u r e breakdown cons is ted of upset forging of 
the al loys in molybdenum cans at 2550 F . The cans were needed to prevent contannina-
tion of the ingots by the a tmosphe re . The ingots were cropped and la the turned to r e 
move surface impur i t i e s p r i o r to encapsulat ion. A top and bottom of molybdenum plate 
were welded onto the ends of the molybdenum can in a tank under a pa r t i a l p r e s s u r e of 
hel ium. F igure 1 sho-ws a typical can a s sembly . The ingots were upse t h a m m e r forged 
at 2550 F with reduct ions of 10 p e r cent p e r p a s s in 15 to 20 sec in o r d e r to p reven t ex
cess ive heat l o s s e s . All ingot a s s e m b l i e s were rehea ted between forging p a s s e s for 
10 min. The ingots were forged only in the i r axial d i rec t ion , which resu l ted in a final 
p la te shape resembl ing a pancake . Resul t s of fabricat ion a r e shown in Table 4. Edge 
views of the p la tes a r e shown in F igu re s 2 and 3. The end caps of the molybdenum con
ta iner which can be seen adher ing to the vanad ium-base alloy in F igure 3 were not 
bonded and peeled off during rol l ing. 

Sections were cut from these forged ingots for addit ional rol l ing s tudies and 
meta l lographic examinat ion. 

M i c r o s t r u c t u r e s of the hot -worked alloys were examined. The alloys exhibited 
c lean m i c r o s t r u c t u r e s . F igu re s 4 , 5, and 6 show r ep re sen t a t i ve m i c r o s t r u c t u r e s of 
the alloys being studied. The s t r u c t u r e s of the unalloyed niobium and n iob ium-1 . 84 
w/o ch romium al loys a r e quite s i m i l a r . The n iobium-20. 5 w/o t i t an ium-4 . 28 w/o 
ch romium alloy appea r s to be r ec ry s t a l l i z ed . 
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IX RM13261 

FIGURE 1. MOLYBDENUM CAN ASSEMBLY 

Left s ide shows molybdenum lids 
0. 100 in. thick which were 
welded onto cen te r tube to p r o 
duce finished can at r ight . 

Cold-Rolling Study of Alloys in the F i r s t Ser ies 

Small r ec tangula r spec imens of each alloy were cut from the forged s l a b s , 
machined , and ro l led at room t e m p e r a t u r e . The n iob ium-3 . 21 w/o ch romium, and 
n iobium-9. 95 w/o t an t a lum-3 . 31 w/o ch romium specimens f rac tu red after 5 p e r cent 
reduct ion. The remaining al loys were reduced 70 to 80 p e r cent with only minor edge 
crackings After evaluating the above result^ a t t empts were nnade to cold rol l a portion 
of the forged s labs of all cold-fabr icable a l loys . Cold rolling of the l a r g e r s ize s labs 
was not sa t i s fac tory . The co ld- ro l l ed sheet exhibited s eve re edge cracldng. The 'sur
face of the unalloyed niobium a lso showed a network of fine c r a c k s . Two factors were 
cons idered as being potential ly respons ib le for the apparent b r i t t l eness in these al loys, 
contamination by in t e r s t i t i a l e lements (especial ly oxygen) o r insufficient breaking down 
of the cas t s t r u c t u r e during forging. Chemical ana lyses were pe r fo rmed on all alloys to 
de te rmine if contaminat ion had occu r r ed . The r e su l t s of these ana lyses a r e shown in 
Table 5. When compared with the ana lyses of the niobium melt ing stock it appeai"=; that 
only the unalloyed niobium absorbed m o r e oxygen. This probably occu r r ed during 
forging due to a c r a c k in a weld o r the molybdenum, pack. This lack of evidence of con
taminat ion of the alloys indicated that pe rhaps the a s - c a s t s t r uc tu r e s were not suffi
ciently broken down during the ini t ial forging at 2550 F , and fur ther reduction was 
a t tempted at 800 F . 
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T A B L E 4 . R E S U L T S O F U P S E T F O RG I N G O F N I O B I U M - B A S E A L L O Y S IN 
M O L Y B D E N U M P A C K S A T 2550 F 

A n a l y z e d C o m p o s i t i o n , w / o R e d u c t i o n ^ ^ ) , p e r cen t R e m a r k s 

N i o b i u m 84 No edge c r a c k s 
N i o b i u m - 1 . 8 4 c h r o m i u m 76 Sl ight edge c r a c k i n g 
N i o b i u m - 3 . 21 c h r o m i u i n 69 S l igh t edge c r a c k i n g 
N i o b i u m - 4 . 33 z i r c o n i u m 76 No edge c r a c k s 
N i o b i u m - 9 . 95 t a n t a l u m - 3 . 31 c h r o m i u m 68 S e v e r e edge c r a c k s 
N i o b i u m - 3 9 . 8 t i t a n i u m - 1 0 . 6 a l u m i n u m 84 No edge c r a c k s 
N i o b i u m - 2 0 . 5 t i t a n i u m - 4 . 28 c h r o m i u m i 79 No edge c r a c k s 
V a n a d i u m - 1 1 . 7 t i t a n i u m - 2 . 6 n i o b i u m 79 No edge c r a c k s 

(a) Based on reductions from ingot size. 



FIGURE 2. EDGE VIEWS OF FORGED (2650 I) 

SLABS OF NIOBIUM-BASE ALLOIS 

Alloy Compositions(iroiii k i t to right). 

Niobium (Unalloyed) 
Niobium-1. 81 w/o chromium 
Niobmm-3. 21 w/o dnomium 
Niobium-4. 33 w/o zi icomum. 

IX R M ! 2 i U 
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1 

FIGURE 3. EDGE VIEWS OF FORGED ( 2 J . . I ' l^ 

SLABS OF NIOBIUM-BASE ALLOCS 

Alloy Compositions (t iori lelt to nL,ht). 

Niobium-9. 95 w/o tanta lum-3. 31 w, o 

chromium 
Niobium-39. 8 w/o titanium-JO, G w/o 

alumium 
Niobium-20. 5 w/o t i tanium-4 28 w4i 

chromium 
Vanadium-11. 7 w/o t i tanium-2. C w/o 

niobium. 

IX RM120C1 



FIGURE 4. NIOBIUM (UNALLOYED) HOT-WORKED 
STRUCTURE SHOWING STRESS-FREE 
GRAINS AFTER FORGING AT 2550 F 

250X RMi212h 

FIGURE 5. SINGLE-PHASE STRUCTURE U, MIOBIUM-
1. 84 w/o CHROMIUM AFTER FOSCmG 

AT 2550 F 

250X RM1242'J 

FIGURE 6. MICROSTRUCTURE OF NIOBIUM-20. 5 w/o 

TITANIUM-4. 28 w/o CHROMIUM AFTER 

FORGING AT 2550 F 

This structure appears to be recrystallized. 

"^ iOOX RM12 !3tj 
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TABLE 5. RESULTS OF CHEMICAL ANALYSES OF ALLOYS IN THE FIRST 
SERIES AFTER FORGING /IT 2550 F AND COLD ROLLING 

Impuri ty Analys i s , ppm 
Analyzed Composit ion, 

Niobium (unmelted stock) 
Niobium (unalloyed) 
Niobium,-l . 84 ch romium 
Niob lum-3 .21 chromium 
Niobium-4. 33 z i rconium 
Niobium.-9. 95 t an t a lum-3 . 
Niobium-39. 8 t i t an ium-10. 

31 

w / o 

chromium 
6 a luminum 

Niobium-20 .5 t i t an ium-4 . 28 
Vanadium (unmelted stock) 
Vanadium-11 . 7 t i tan ium-2 

ch romium 

. 6 niobium 

Oxygen 

200 
820 

90 
60 

392 
300 
313 
350 
800 
680 

Hydrogen 

20 
5 

43 
82 
o l 
92 

146 
54 

160 
98 

Carbon 

250 
300 
120 
110 
110 

80 
80 

120 
DlO 

330 

Nitrogen 

300 
110 
140 
150 
220 
130 
120 
110 
500 
400 
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Warm-Rol l ing Studies of Alloys in the F i r s t Se r ies 

Assuming that fur ther breakdown of the a s - c a s t s t ruc tu re was needed, all al loys 
were rol led from a furnace (argon a tmosphere) at 800 F . These spec imens , approx
imate ly 1 in. wide, had been cut from the a s - fo rged s labs . All al loys except the 
n iobium-9 . 95 w/o t a n t a l u m - 3 . 31 w/o ch romium and the n iobium-39. 8 w/o t i tan ium-
10. 6 w/o a luminum were reduced about 70 p e r cent. The sheet fabr icated at 800 F was 
sect ioned into t h r e e sepa ra t e p i e c e s , and a fabr icat ion study was naade at room t e m 
p e r a t u r e . One p iece of each alloy was cold ro l led with no fur ther t r ea tmen t . This 
roll ing was successfu l , but the sheet exhibited edge c r a c k s which extended 0.062 to 
0. 125 in. f rom the edge toward the cen te r of the sheet . The surface a lso had occasional 
r emnants of c r a c k s formed during forging o r rol l ing. A second p iece was belt sanded 
to remove surface and edge c r a c k s produced by forging at 2550 F and rolling at 300 F, 
This p iece was cold rol led and yielded sheet with only occas ional edge c r a c k s , extend
ing l e s s than 0 .062 in. f rom the edge to the c e n t e r , and r a r e surface defects . A th i rd 
piece of sheet was belt sanded and vacuum annealed for 1 h r at 2550 F and furnace 
cooled. This technique produced sheet with smooth edges and a defect- f ree surface 
after cold rol l ing. In F igure 7 exarnples of the difference in appearance of sheet which 
was bel t sanded and that which was bel t sanded and annealed p r i o r to cold roll ing a r e 
shown. 

The sheet which had been belt sanded and annealed was subsequently reduced to 
0 .010- in . m a t e r i a l (without i n t e rmed ia t e annealing) for welding s tudies . 

At tempts to rol l the n iobium-9 . 95 w/o t an t a lum-3 . 31 w/o ch romium and niobium-
39. 8 w/o t i t an ium-10 . 6 w/o a luminum alloys were unsuccessful at 2000 F (mate r ia l 
clad in s t a in less s teel ) . No fur ther attem.pts to fabr icate these al loys were m.ade. 

The fabr icat ion s tudies conducted with the al loys in the f i r s t s e r i e s indicated that 
forging at 2550 F in a molybdenum can and subsequent roll ing at 800 F in a i r b r e a k s 
down the cas t s t ruc tu re of niobium alloys studied (with the exception of the niobium-
9. 95 w/o t an t a lum-3 . 31 w/o chromiuni and n iobium-39. 8 w/o t i t an ium-10 . 6 ^fo a lum
inum alloys) sufficiently to allow cold rol l ing. The quality of the co ld- ro l led sheet can 
be improved if the sheet rol led at 800 F i s surface conditioned and annealed. 

Fabr ica t ion of Alloys in the Second Ser ies 

Since niobium can be worked at room t e m p e r a t u r e , it is r easonab le to a s s u m e 
that ce r t a in niobium alloys may a lso be workable a t room, t e m p e r a t u r e or t e m p e r a t u r e s 
c lose to room t e m p e r a t u r e . T h e r e f o r e , addit ional ingots were p r e p a r e d and fabr icated 
by upset forging and roll ing at 1000 F . 

This por t ion of the p rogra in was designed p r i m a r i l y to study the fabricat ion 
c h a r a c t e r i s t i c s of n iobiuni-base al loys at re la t ive ly low t e m p e r a t u r e s . The ingots were 
not cropped o r la the tu rned p r i o r to fabricat ion; t h e r e f o r e , the s ides of the ingots were 
rough which would be ref lected as edge c r a c k s in the forged s l abs . The unalloyed n io
b ium, n iob ium-1 . 29 w/o c h r o m i u m , niobium.-2. 74 w/o z i r con ium, n iob ium-4 . 5 w/o 
molybdenun , and niobium.-10. 0 w/o t i t a n i u m - 3 . 0 w/o chrom.ium were upset forged at 
1000 F in a i r and, after about 40 p e r cent reduct ion , rol led at 1000 F . After w a r m 
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IX RM15U10 

FIGURE 7. COMPARISON OF APPEARANCE AFTER COLD ROLLING OF SHEET BELT 
SANDED AND SHEET BELT SANDED AND ANNEALED 
All specimens are 0. 030 in. thick. The materials shown are: 

1 Unalloyed niobium belt sanded 
lA Unalloyed niobium belt sanded and annealed at 2550 F 

for 1 hr m vacuum 
2 Niobium-1. 84 w/o chromium belt sanded 
2A Niobium-1. 84 w/o chromium belt sanded and annealed 

at 2550 F for 1 hr in vacuum. 

/ • " * * . 

\ 

%. / 

/ 

/ . 

/ 

RM15308 

FIGURE 8. PORTION OF SHEET OF UNALLOYED NIOBIUM WHICH WAS REDUCED 95 PER CENT 
BY FORGING AND ROLLING AT 1000 F AND ROLLING AT 75 F 
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roll ing the sheet was vapor b las ted to remove a slight oxide film and cold rol led to a 
total reduct ion of 95 p e r cent from the ingot. Table 6 shows the r e su l t s of fabricat ion 
of these a l loys . F igu re s 8, 9, and 10 show por t ions of the co ld- ro l l ed sheet . While 
edge c r a c k s do ex i s t , they a r e due to the poor sur faces of the ingots p r i o r to fabricat ion. 

It is apparen t from this br ief invest igat ion that it i s poss ib le to b r e a k down the 
a s - c a s t s t r u c t u r e of ce r t a in n iob ium-base al loys by forging and roll ing at 1000 F . The 
l a r g e s t ingots fabr ica ted a t 1000 F weighed 2 l b , indicating that l a r g e r sca le ingots can 
probably be handled in s i m i l a r manne r . Breakdown of the cas t s t ruc tu re of these n io
bium alloys at 1000 F i s a major accompl i shment which could have f a r - r each ing r e 
sul ts in the development of n iob ium-base a l loys . In the pas t it has always been bel ieved 
that e levated t e m p e r a t u r e s were n e c e s s a r y to b r e a k down the cas t s t r u c t u r e s of niobium 
a l loys . This study has demons t ra t ed that this i s not t r ue for the al loys d i scussed above. 
It i s hoped that these r e su l t s will s t imula te a thorough invest igat ion of l o w - t e m p e r a t u r e 
fabr icat ion of n iob ium-base a l loys . 

SHORT-TIME TENSILE PROPERTIES 

Tensi le t e s t s at 1200 and 1470 F were pe r fo rmed on sheet spec imens cut pa ra l l e l 
with the roll ing di rec t ion of the sheet . The s t r a in r a t e for all spec imens in the e las t ic 
region was 0. 002 in. p e r in. p e r min , which was i n c r e a s e d to 0. 013 in. pe r in. p e r min 
beyond the propor t ional l imi t . The spec imens were t e s ted in a vacuum of l e s s than 
10 /i , and showed no visual signs of oxygen contaminat ion after tes t ing . The r e su l t s of 
tes t ing of ?l loys from both s e r i e s a r e shown in Tables 7 and 8. 

All a l loys studied showed grea t ly i n c r e a s e d s t rength over that of unalloyed nio
bium at 1200 and 1470 F . The bes t s t reng thener at 1200 F was ch romium, v/hile both 
chromium, and z i rconium were ex t remely potent s t r eng theners at 1470 F . 

WELDING STUDY 

Weldability i s an impor tant cons idera t ion in the development of m a t e r i a l for 
cladding appl ica t ions , since seam-welded tubing o r welded end c losu res a r e used with 
mos t core-c ladding combinat ions . 

In this study, t h r e e c r i t e r i a were used to de te rmine the weldabili ty of the niobium-
base al loys being developed. The f i rs t of these methods cons is ted of spot welding two 
sheets of alloy together and then quali tat ively evaluating the s t rength of the bond by 
peeling the sheet apa r t with p l i e r s . A second method cons is ted of spot welding two 
sheets together and pulling them apa r t in a tens i le machine . In the th i rd method of 
evaluat ion, two sheets of m a t e r i a l butt welded together longitudinally were bent a c r o s s 
the weld. 



TABLE 6. RESULTS OF SUCCESSIVE STAGES OF FABRICATION OF NIOBIUM-BASE ALLOYS AT 1000 F AND 75 F 

Alloy Composition, w/o 

Fabrication at 1000 F Fabrication at 75 F 
Upset Fotaing 
Reduction^ ̂ ), 

per cent Remarks 

Rolling 
ReductioD^^^ 

per cent Remarks 

Rolling 
Reduction*^^ ,̂ 

per cent Remarks 

Unalloyed niobium 70 Slight edge 
cracking 

75 No additional edge 
cracking 

80 No additional edge 
cracking 

Niobium-1.29 chromium 50 Severe edge 
cracking 

75 Edge cracks did not 
open 

80 No additional edge 
cracking; cracks already 
present did not open 

Niobium-2. 74 zirconium 60 Moderate edge 
cracking 

75 Edge cracks remained 
moderate 

80 No additional cracking 

Niobium-4.5 molybdenum 50 Severe edge 
cracking 

75 Cracks did not open 
up 

80 No additional cracking 

Niobium-10.0 titaiiium-3. 0 chromium 50 Moderate edge 
cracking 

75 No propagation of 
cracks 

80 No additional cracking 

(a) Fxductlons are based on each succeeding reduction. Total reduction of all alloys is above 95 per cent. 
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IX RM15305 

FIGURE 9. PORTION OF SHEET OF NIOBIUM-1. 29 w/o CHROMIUM ALLOY REDUCED 

95 PER CENT BY FORGING AND ROLLING AT 1000 F AND ROLLING AT 75 F 

RM15310 

FIGURE 10. PORTION OF SHEET OF NIOBIUM-2. 74 w/o ZIRCONIUM ALLOY REDUCED 95 PER CENT BY 

FORGING AND ROLLING AT 1000 F AND ROLLING AT 75 F 
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TABLE 7. TENSILE DATA FOR NIOBIUM- AND VANADIUM-BASE ALLOYS 
IN AS-WROUGHT CONDITION AT 1200 F 

Alloy Composition^ w / o 

Niobium (unalloyed) 
N i o b i u m - 1 . 29 chromiuin 
Niob ium-1 , 84 chromium 
Niobium.-3. 21 chromium. 
Niobium-2 . 74 z i rconium 
Niobium-4 . 33 z i rconium 
Niobium-20 .5 t i t an ium-4 . 28 

chromium 
Vanad ium-11 . 7 t i tan ium-2 6 

0 . 2 
Y 

P e r Cent Offset 
ield Strength, 

p s i 

54, 600 
95,300 

107,000 
120,400 

94, 100 
- -

75,500 

41,000 

Tensi le 
Strength, 

p s i 

62,500 
102,000 
115,000 
129,500 

96,100 
82,400 
92,200 

51,200 

Elongation 
in 
pa 

1 In . , 
r cent 

3 
3 
4 
4 
2 
4 

11 

46 

Reductioj 
in Area , 
per cent 

— 

- -
5 

- -
— 

7 
25 

71 

niobium 

TABLE 8. TENSILE DATA FOR NIOBIUM- AND VANADIUM-BASE ALLOYS 
IN AS-WROUGHT CONDITION AT 1470 F 

Alloy Composit ion, w / o 

Niobium (unalloyed) 
N iob ium-1 . 29 chromium 
Niob ium-1 .84 ch romium 
Niobium-2 . 74 z i rconium 
Niobium-4. 33 z i rconium 
Niobium-20 .5 t i t an ium-4 . 28 

chromium 
Vanadium-11 , 7 t i tan ium-2 6 

0. 2 P e r Cent Offset 
Yie Id Strength, 

p s i 

39,900 
63,000 
68,700 
79,000 
69,000 
30,800 

34,900 

Tens i le 
Strength, 

p s i 

46,100 
73, 100 
81,600 
85,800 
76,400 
39,700 

45,700 

Elongation 
in 1 In . , 
per cent 

5 
11 
14 

4 
4 

40 

3b 

Reduction 
in Area , 
per cent 

__ 

__ 
37 

3 
100 

67 
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All welds were made on 0. 010-in. - th ick sheet . The welding study was designed 
to deternaine if sound, ductile welds could be made . No at tempt to a t tach re la t ive 
s t rengths to the welds was m a d e , since no a t tempt was made to develop opt imum weld
ing condit ions. All welds were made on co ld - ro l l ed m a t e r i a l and were not annealed 
after welding; t he r e fo r e , all welds were t e s t ed with the sheet in the cold-worked and 
the welds in the unannealed condition. The spot welds were made using a 50-kva s ingle-
phase a -c spot welder with synchronous con t ro l s . Re si s tance-welding e lec t rodes were 
RW MA Group A Class 1 a l loy, having a 10-in. face radius and a 5 /8- in . l imit ing di
a m e t e r . The welding conditions for making the spot welds a r e shown in Table 9. 

TABLE 9. WELDING CONDITIONS FOR SPOT WELDS 

200 lb 

4 cycles (60 cps) 

4000 to 5000 amp (est imate) 

The spot welds were evaluated for ducti l i ty by both peel and t e n s i o n - s h e a r t e s t s . 
Fa i l u r e of al l spot welds o c c u r r e d by tea r ing of the spot weldment out of one sheet . The 
fai lure o c c u r r e d in the heat-affected me ta l surrounding the weldment , indicating that 
the welds p o s s e s s some degree of ductil i ty. The puUout-button d i ame te r s ranged from 
0. 078 to 0. 093 in. in d i amete r . F igure 11 shows typical fa i lures of the t en s ion - shea r 
t e s t spec imens . 

In o r d e r to fur ther evaluate the weldabili ty of these a l loys , two p ieces 0. 010 by 
1/2 by 3 in. were a r c welded along the i r 3-in. length. The welds were made without 
f i l l e r -me ta l addi t ions , using automatic i n e r t - g a s tungs ten-e lec t rode a rc -weld ing equip
ment in the open a tmosphe re . Weld joints were p r e p a r e d by f i rs t forming a 0. 020-in. 
flange along the edges that were to be welded. The flanges on each sheet provided f i l ler 
m.etal for the weld. Heat was rem.oved from, the 0. 010-in, sheet by a copper cooling 
f ixture. Argon gas was used for shielding. The welding c u r r e n t s ranged from. 30 to 
45 amp. The welds were evaluated by both visual and guided-bend t e s t p r o c e d u r e s . In 
al l c a s e s , the appearance of the weld was sa t i s fac tory , and as shown by the bend t e s t s , 
the welds were reasonably ductile s ince the spec imens were not annealed after welding. 
The r e su l t s of tes t ing of these a r c -we lded spec imens a r e shown in Table 10. F igure 12 
shows typical weld spec imens before bending, and F igure 13 shows spec imens after the 
bend tes t . 

It appea r s that welds with reasonable ductil i ty can be produced in the cold-worked 
m a t e r i a l . Annealing shotild make the welds even m o r e ducti le . No attem.pt was m.ade to 
opt imize the welding conditions s ince this study was intended only as a survey of the 
welding c h a r a c t e r i s t i c s of the a l loys . 

E lec t rode F o r c e 

Weld Time 

Weld Cur ren t 

http://attem.pt
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a. Unalloyed Niobium RM15300 

b. Niobium-1. 84 w/o Chromium RM15299 

FIGURE 11, EXAMPLES OF TYPICAL FAILURES IN SPOT-WELDED TENSION-SHEAR 
TEST SPECIMENS 

Tearing of the test coupons indicates ductility in the weldment. The 
specimens were not annealed after welding. 
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TABLE 10. RESULTS OF BEND TESTING OF ARC-WELDED 
NIOBIUM ALLOYS^^^ 

Alloy Composit ion, w /o Minimum Bend R a d i u s ' ^ ' , T 

Niobium (unalloyed) 18 
Niob ium-1 . 84 chromium 18 
Niob ium-3 . 21 ch romium 9 
Niobium-4. 33 z i rconium 18 
Niobium-20.5 t i t an ium-4 . 28 chromium 1 
Vanad ium-11 , 7 t i t an ium-2 . 6 niobium 12 
Niobiunn-4, 5 molybdenum 12 

(a) All specimens were sound prior to testing. 
(b) Minimum bend radius, T, is calculated as 

T = R/t , 
where 

R = Radius of ram 
t = Thickness of weld. 
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IX RM15302 

FIGURE 12. TYPICAL ARC-WELDED SPECIMENS BEFORE TESTING 

Specimen identification 
lA Niobium (unalloyed) 
2A Niobium-1 84 w/o chromium 
3A Niobium-3. 21 w/o chromium 
lA Niobium-4. 33 w/o zirconium 

• • 

1-1/2X RM15320 

FIGURE 13. TYPICAL ARC-WELDED SPECIMENS AFTER BEND TESTING 

Specimen identification. 
Left Niobium (unalloyed) 
Right Niobium-20, 5 w/o titamum-4 28 w/o chromium. 
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CONCLUSIONS 

As a r e su l t of the r e s e a r c h discvissed in detai l in the preceding sec t ions , it can ! 
concluded genera l ly that n iob ium-base al loys can be developed which exhibit ve ry in
t e r e s t i ng p r o p e r t i e s at 1200 and 1470 F . In addit ion, the technology of niobium has 
been advanced by the development of techniques which allow n iob ium-base alloys to be 
fabr icated at re la t ive ly low t e m p e r a t u r e s and, consequent ly , without the need for p r o 
tect ion agains t oxidation during fabricat ion. 

Specific conclusions reached as a r e su l t of the study a r e l i s ted below. 

(1) Of the al loys studied, the n iob ium-3 . 21 w/o ch romium alloy exhibited 
the bes t s t rength p r o p e r t i e s at 1200 F (0. 2 p e r cent offset yield 
s t rength of abotit 120,000 ps i ) . In gene ra l , however , ve ry l a rge in
c r e a s e s in s t rength at elevated t e m p e r a t u r e were obtained by the 
addition of mode ra t e amounts of ch romium and z i rconium. 

(2) Although all al loys were fabr icab le , the n iob ium-z i rcon ium alloys 
appeared to p o s s e s s the bes t fabricat ion c h a r a c t e r i s t i c s . 

(3) No difficulties in producing ducti le welds a r e expected in any of the 
al loys studied. 

(4) The niobium alloys studied can be cold ro l led with no difficulties 
once the a s - c a s t s t ruc tu re has been broken down. 

(5) It is poss ib le to b reak down the a s - c a s t s t r u c t u r e s of many niobium-
base alloys by h a m m e r forging at t e m p e r a t u r e s as low as 1000 F with 
only mode ra t e edge cracking . 

RECOMMENDATIONS 

The excellent h i g h - t e m p e r a t u r e t en s i l e - s t r eng t h data of these al loys should be 
supplemented with e l eva t ed - t empera tu r e c r e e p data. It is expected that the min imum 
c reep r a t e of these al loys will be ex t remely low. 

It i s s t rongly recommended that an addit ional study be made of the low-
t e m p e r a t u r e breakdown of cas t s t r u c t u r e s of n iob ium-base a l loys . The influence of 
ingot s ize should be s tudied, the effect of va r ious alloying additions and amounts to 
which this technique is applicable should be a s c e r t a i n e d , and the l imit ing oxygen con
tent of the alloys which can be fabr icated in this manner de te rmined . 

This study was conducted on cold-worked m a t e r i a l ; t h e r e f o r e , it is n e c e s s a r y to 
de te rmine the stabi l i ty of the cold-worked m a t e r i a l at elevated t e m p e r a t u r e s and the 
e,ffects of long- t ime anneals at t e m p e r a t u r e s below the r ec rys t a l l i za t ion t e m p e r a t u r e 
on tens i le p r o p e r t i e s . 
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