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DEVELOPMENT OF CORROSION-RESISTANT 
NIOBIUM-BASE ALLOYS 

Daniel J . Maykuth, Will iam D. Klopp, Rober t I. Jaffee, 
War ren E. B e r r y , and F r e d e r i c k W. Fink 

The hot-water corrosion resistance and mechanical properties of niobium 
and a number of its alloys were evaluated with a view toward determining their 
usefulness in pressurized-water thermal reactors. 

Unalloyed niobium is rapidly attacked by 600 and 680 F water and 
750 F steam. However, a number of alloying additions were found which markedly 
improve the corrosion resistance of niobium. Of these, binary and ternary combi­
nations of chromium, molybdenum, titanium, vanadium, and zirconium were among 
the most effective. Many of these alloys show as low or lower weight gains than 
those obtained for Zircaloy-2 under similar test conditions. Most of the niobium-
base alloys tested for strength also show excellent resistance to creep at 
temperatures up to 1200 F under stresses through 20,000 psi. 

INTRODUCTION 

The objective of this r e s e a r c h p r o g r a m was the development of a h igh-s t reng th , 
low-neu t ron-absorp t ion , c o r r o s i o n - r e s i s t a n t n iob ium-base alloy suitable for use in 
p r e s s u r i z e d - w a t e r t h e r m a l r e a c t o r s . Concurren t niobium co r ros ion p r o g r a m s a re also 
underway at Bet t i s and Knolls Atomic Power Labo ra to r i e s . 

P r i o r to the init iat ion of this work, re la t ive ly l i t t le information concerning the hot -
water co r ros ion r e s i s t ance of niobium or i ts alloys was avai lable . Some work by G r i e s s , 
et al. (^) indicated that unalloyed niobium showed mode ra t e ly good r e s i s t ance to 480 F 
water . Other repor ted data on the co r ros ion behavior in wa te r of alloys containing nio­
bium were those given by Ivanoff and Grigorovich(^) . This work, however , was p r i ­
m a r i l y concerned with z i r con ium-base a l loys . 

Work at Battelle(3) and e l sewhere had shown that the h o t - a i r oxidation r e s i s t a n c e 
of niobium could be improved significantly by alloying. Moreove r , p r inc ip les were de ­
veloped in the Bat te l le work by which the effectiveness of alloying e lements on the a i r 
oxidation r e s i s t a n c e of niobium could be explained or p red ic ted . This was bel ieved to be 
of grea t p r a c t i c a l significance since both the a i r and wate r oxidation reac t ions were 
believed to be bas ica l ly the s a m e . 

Chromium, molybdenum, t i tanium, tungsten, vanadium, and z i rconium a r e fo re ­
mos t among the b ina ry addition e lements which a r e known to improve the h o t - a i r oxida­
tion r e s i s t ance of niobium. Thus , it was of i n t e r e s t to de te rmine the ho t -wa te r co r ro s ion 
r e s i s t ance of these b ina ry -a l loy sys t ems to es tab l i sh the suspected co r re l a t ion between 
the ho t - a i r and ho t -wa te r oxidation r e s i s t ance of these a l loys . 

(1) References are at end of report. 
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In addition a number of t e r n a r y n iob ium-base alloys were a lso evaluated. In i ­
t ial ly, z i rconium was mos t s t rongly favored as the major addition in the t e r n a r y alloys 
because of i ts low^ c r o s s sect ion and the high thermodynamic s tabi l i ty of i ts oxide. 
La te r , as exper imenta l r e su l t s became avai lable , s eve ra l s e r i e s of t e r n a r y adloys using 
vanadium as the major alloying addition were p r e p a r e d for evaluation. 

The exper imenta l work on this p r o g r a m w^as actual ly begun w^ith the co r ro s ion 
test ing of a group of w^rought, c o m m e r c i a l - p u r i t y n iob ium-base alloys w^hich w^ere avai l ­
able from the prev ious Bat te l le work(3). Additional a l loys , using h igh-pur i ty niobium 
as a base m a t e r i a l , were made to s c r e e n and evaluate other composi t ions of i n t e r e s t as 
desc r ibed above. 

In the a l loy-development work, emphas is was d i rec ted toward alloys which w e r e 
fabr icable and which would have a total calculated t h e r m a l - n e u t r o n - a b s o r p t i o n c r o s s 
sect ion as low as poss ib le , the c r o s s sect ion not to exceed the value of 2. 8 ba rns pe r 
atom for an 18 w / o ch romium-8 w / o nickel s ta in less s tee l . Although not a p r i m a r y 
objective of the p rog ra in , useful information w^as obtained concerning the melt ing and 
fabricat ion p r o p e r t i e s of the a l loys . 

EXPERIMENTAL PROCEDURES 

Mate r i a l s 

All of the niobium and n iob ium-base alloys p r e p a r e d for this study were made 
from 3 to 4-in. - d i a m e t e r niobium ingots which had been purified to the analyses shown 
in Table 1 by double e l ec t ron -beam zone mel t ing. As indicated, the r e su l t s of a check 
analys is at Bat te l le on one of these ingots were in good ag reemen t with the supplied 
ana lys is . The alloying additions were of comparably high pur i ty as indicated by the data 
of Table 2. 

Some evaluations were also conducted on a s e r i e s of al loys made with c o m m e r ­
cially pure niobium of the following r ep resen ta t ive analys is : 

Impur i ty 
Aluminum 
Carbon 
Calcium 
Copper 
I ron 
Hydrogen 
Magnesium 
Manganese 

Amount, ppm 
40 
50 
20 
30 

200 
1 

<10 
10 

Impur i ty 
Molybdenum 
Nitrogen 
Nickel 
Oxygen 
Silicon 
Ti tanium 
Zi rconium 

Amount, ppm 
100 
100 

60 
500 
100 

50 
100 to 6000 

These alloys were made using alloy additions of the same or s imi l a r quality indicated in 
Table 2 for the higher pur i ty n iob ium-base a l loys . 
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TABLE 1. ANALYSES AND HARDNESS OF DOUBLE ELECTRON-BEAM-MELTED NIOBIUM USED AS 
BASE MATERIAL FOR ALLOY INGOTS(a) 

Element 

Aluminum 
Boron 
Carbon 

Cadmium 
Chromium 

Copper 
Iron 

Magnesium 
Manganese 

Molybdenum 
Nitrogen 
Nickel 

Oxygen 
Lead 

Silicon 
Tin 
Tantalum 

Titanium 

Vanadium 
Tungsten 

Zinc 
Zirconium 

Lot 405' 

[Bhn (500 

Battelle 

20 

--
70 

--
<50 

<10 
<30 

<5 
<20 

300 
70 

<20 

130 
30 

30 

--
<1500 

<30 

--
--
--
<10 

-599 1 

-Kg Load) 
P37 
= 55.7] 

Supplier 

<20 
<1 

100 

<1 
<20 

70 

<100 
<20 

<20 

40 
103 

<20 
131 
40 

<100 
<20 
960 

<150 
<20 

<300 

<20 
<500 

Analyses, ppm 
Lot 405-599-162A3 

[Bhn (500-Kg Load) = 59. 3] 

Supplier 

<20 

<1 
<30 

--
<20 

--
<100 

<20 

<20 
20 
50 

<20 

52 
50 

<100 

--
780 

<150 
<20 

287 

--
--

Lot 405-645-168A3 

[Bhn (500-Kg Load) =51] 

Supplier 

<20 

<1 
<30 

<1 
<20 

<40 
<100 

<20 

<20 

<20 
40 

<20 

50 
<20 

<100 
<20 
620 

<150 

<20 
<300 

<20 
<500 

(a) Niobium purity was >99 8 per cent, material and data received from the Wah Chang Corporation. 

TABLE 2. ANALYSES OF ALLOYING ADDITIONS USED TO MAKE HIGH-PURITY NIOBIUM-BASE ALLOYS 

Base Method of Preparation 
Metal or Source Al 

Supplier's Analyses, ppm 
Cr Cu Fe H Mg Mn N Si Ti V CI 

Ci 

Fe 
Mo 

Mo 

Ni 

Ti 

V 

Zr 

Iodide process 
Electrolytic flake 
Commercial , sintered rod 

Vacuum-fusion purified 
Commercial , Nivac P 

sheet 

Fused -salt electrolysis 

Calcium reduction 

Iodide process 

1 
<30 

--
--
<50 

<300 

--
<35 

10 
40 
40 

<30 

26 

120 

--
33 

--
<30 

--
<5 

<10 

<50 

--
--

--
<10 

--
5 

40 

<60 

--
<25 

1. 

--
--
<50 

130 

<50 

--
27 

5 1 

--
--
<1 

~~ 

70 

--
--

1 
<5 

--
<20 

"-

<10 

--
<10 

--
10 - -

4 

<5 <1 

<30 

100 2 

. . 
; 

3 10 
500 10 <10 <50 

0 70 
0 <10 <20 <10 --
1.2 58 20 

20 180 100 -- <50 600 
25(a) 

8 300 -- <25 --

(a) Estimated on the basis of lattice-parameter measurements. 
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Alloy P r e p a r a t i o n 

All al loys were p r e p a r e d by a r c mel t ing in e i ther of two s i z e s , i. e. , as 50-g 
"button" ingots or as 2-in. - d i a m e t e r , consumab le - e l ec t rode -me l t ed ingots. 

The button ingots were used to obtain a b road composi t ion coverage for sc reen ing 
the alloys according to the i r 680 F water co r ros ion r e s i s t a n c e and hot h a r d n e s s . These 
ingots were invers ion mel ted with a tungsten e lec t rode , under an absolute hel ium p r e s ­
s u r e of 20 "to 30 cm of m e r c u r y , on a rocking, wa te r - coo led copper c ruc ib le . Each 
alloy rece ived a min imum of t h r ee , s epa ra t e i n v e r s i o n - a r c - m e l t i n g opera t ions . 

The 2 - l / 2 - l b ingots were p r e p a r e d by double consumable -e lec t rode a r c mel t ing 
under an absolute hel ium p r e s s u r e of 25 cm of m e r c u r y . After the f i r s t me l t , the 
ingots were sectioned longitudinally and joined end to end, by i n e r t - a t m o s p h e r e a r c 
welding, to form a new e lec t rode for the second mel t ing opera t ion. 

Most of both types of alloy ingots were made using e lementa l cha rges of the de­
s i red addition m e t a l s . The only exceptions were for the t e r n a r y , 50-g alloy ingots con­
taining combinations of niobium and vanadium with ch romium or a luminum. In these 
ins tances , m a s t e r alloys containing 51. 4 w / o vcinadium-48. 6 w / o chromium and 40. 6 
w/o vanadium-59. 4 w/o a luminum were f i r s t p r e p a r e d by i n e r t - e l e c t r o d e a r c mel t ing. 
These were then used in the alloy cha rges . 

After mel t ing, the h a r d n e s s e s of all ingots were de te rmined . General ly , for the 
50-g - s i ze screening alloy ingots, d i r ec t cold rol l ing to sheet was a t tempted where the 
a s - c a s t h a r d n e s s e s did not exceed a value of 150 VHN. Ingots of h igher ha rdnes s were 
ground to a rec tangula r shape and fitted into a Type 304 s ta in less s tee l pack of welded 
construct ion for hot rol l ing to sheet at 1800 F . P r i o r to rol l ing, the packs w e r e 
evacuated and sealed. A par t ing compound, made up of a s l u r r y of chromic oxide in 
water g lass was used to prevent bonding of the alloys with the s tee l cover p la tes during 
rol l ing. 

F o r the 2 - l / 2 - l b scaleup alloy ingots , s eve ra l fabr icat ion techniques were invest i 
gated. These included d i r ec t hot forging of the unprotec ted , 2 - i n . - d i a m e t e r ingots 
in a i r and forging and roll ing of the a s - c a s t s ta in less s t ee l - c l ad ingots . Genera l ly , the 
mos t sa t i s fac tory p rocedure involved longitudinal sectioning of the ingots into roughly 
rectangti lar s l abs , of about 3 /4- in . th ickness , and cladding of these s labs in s t a in less 
s teel packs of the same type used for the 50-g alloy ingots . The clad s labs were then 
rol led d i rec t ly to sheet in a i r at 1800 F . 

After pack roll ing, all of the alloys were cleaned by pickling, then grinding p r i o r 
to vacuum annealing. 

C o r r o s i o n - T e s t P r o c e d u r e s 

Specimen P r e p a r a t i o n 

Cor ros ion spec imens were cut f rom the annealed sheet . Specimens w e r e shaper 
finished to a rec tangula r c r o s s section. A min imum of 0. 005 in. of m e t a l was removed 
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f r o m e a c h s u r f a c e to i n s u r e t h a t no s u r f a c e c o n t a m i n a t i o n r e m a i n e d . S p e c i m e n s w e r e 
t h e n m e a s u r e d , d e g r e a s e d , d r i e d , and w e i g h e d p r i o r to c o r r o s i o n t e s t i n g . 

T h e s p e c i m e n s w e r e i n s e r t e d in i n d i v i d u a l C h r o m e l A* w i r e b a s k e t s . N u m b e r e d 
s t a i n l e s s s t e e l t a g s w e r e a t t a c h e d to e a c h b a s k e t t o m a i n t a i n s p e c i m e n i d e n t i t y . T h e 
b a s k e t s w e r e hung f r o m s t a i n l e s s s t e e l s u p p o r t s , and no e f fo r t w a s m a d e to i n s u l a t e 
t h e m f r o m the a u t o c l a v e . 

T e s t C o n d i t i o n s 

T h e c o r r o s i o n t e s t s w e r e c o n d u c t e d in s t a t i c , 1 - l i t e r - c a p a c i t y a u t o c l a v e s . T h e 
a u t o c l a v e s a n d a l l a u x i l i a r y f i t t i n g s a n d f i x t u r e s in c o n t a c t w i t h t h e w a t e r w e r e AISI 
T y p e 316 s t a i n l e s s s t e e l . An e x c e p t i o n w a s t he s e a l g a s k e t w h i c h w a s m a d e of " A " 
n i c k e l . 

C o r r o s i o n b e h a v i o r w a s e v a l u a t e d in 600 and 680 F d e g a s s e d w a t e r and 750 F , 
1 5 0 0 - p s i d e g a s s e d s t e a m . T h e t e s t w a t e r w a s o n c e d i s t i l l e d and t h e n p a s s e d t h r o u g h a 
m i x e d - b e d i o n - e x c h a n g e c o l u m n . T h e s p e c i f i c r e s i s t i v i t y of t he s t a r t i n g w a t e r w a s in 
e x c e s s of 1 m e g o h m - c m . T h e w a t e r w a s d e g a s s e d fo r t h e 600 and 680 F t e s t s b y 
(1) b o i l i n g fo r 1 h r , (2) t r a n s f e r r i n g q u i c k l y to t h e a u t o c l a v e w^hich w a s s e a l e d , and 
(3) b o i l i n g off t he e x c e s s w a t e r at 300 F to f u r t h e r p u r g e t he a u t o c l a v e of e n t r a p p e d a i r . 
In the 750 F s t e a m t e s t s , 100 m l of w a t e r w a s a d d e d to t h e co ld a u t o c l a v e w h i c h w a s 
t h e n s e a l e d . T h e a u t o c l a v e w a s o p e n e d to a v a c u u m p u m p t h r e e s u c c e s s i v e t i m e s wi th 
5 - m i n i n t e r v a l s b e t w e e n p u m p i n g s . T h e a u t o c l a v e t e m p e r a t u r e w a s t h e n r a i s e d to 600 F 
and t h e e x c e s s s t e a m w a s b l e d off p e r i o d i c a l l y to k e e p t h e p r e s s u r e a t 1500 p s i . F r e s h 
w a t e r w^as a d d e d a f t e r e a c h e x p o s u r e p e r i o d . 

T h e s c h e d u l e of c o r r o s i o n - s p e c i m e n e x a m i n a t i o n w a s a s f o l l o w s : 

(1) 600 F w a t e r : 7, 14, 2 8 , 4 2 , 56 d a y s a n d e v e r y 28 d a y s t h e r e a f t e r 

(2) 680 F w a t e r : 3, 7, 14, 28 , 4 2 , 56 d a y s a n d e v e r y 28 d a y s t h e r e a f t e r 

(3) 750 F , 1 5 0 0 - p s i s t e a m : 1, 3 , 7, 14, 2 1 , 28 , 42 d a y s a n d e v e r y 14 
d a y s t h e r e a f t e r . 

E v a l u a t i o n 

C o r r o s i o n b e h a v i o r d u r i n g the c o u r s e of t he e x p e r i m e n t w a s e v a l u a t e d on the 
b a s i s of a p p e a r a n c e and w e i g h t c h a n g e of s p e c i m e n s . S p e c i m e n s w e r e b r u s h e d p r i o r t o 
w e i g h i n g to r e m o v e any l o o s e c o r r o s i o n p r o d u c t . T h e m i c r o s t r u c t u r e s of m o s t s p e c i ­
m e n s w e r e e x a m i n e d w h e n the c o r r o s i o n t e s t s w e r e t e r m i n a t e d . On s e l e c t e d s a m p l e s , 
h a r d n e s s t r a v e r s e s w e r e m a d e to d e t e r m i n e t h e d e p t h of c o n t a m i n a t i o n in t h e m e t a l 
b e n e a t h t h e ox ide f i l m , and c o r r o s i o n f i l m s w e r e i d e n t i f i e d and h y d r o g e n a n a l y s e s w e r e 
o b t a i n e d . 

•80 w/o nickel-20 w/o chromium alloy. 
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Hot-Hardness Test ing 

Hot -ha rdness m e a s u r e m e n t s w^ere conducted on annealed sheet spec imens of each 
alloy in a vacuum a tmosphere at 600, 900, 1200, 1400, and 1650 F . Allowed heat ing 
t imes for the 600 and 900 F m e a s u r e m e n t s w e r e 60 smd 45 min , respec t ive ly , with 10-
min per iods being used for each of the higher t e m p e r a t u r e s . A sapphire indenter with 
a 730-g load was used in all of the t e s t s . 

Leak r a t e s for the vacuum sys t em were checked before and after each run and 
were found not to exceed a value of 0. 6 jLi pe r min for any run. As a check against p o s ­
sible contamination on heat ing, the r o o m - t e m p e r a t u r e h a r d n e s s of each sample w^as 
m e a s u r e d after as well as before heating to 1650 F . 

Tens i le and Creep Tes t ing 

All tens i le and c reep t e s t s were conducted on annealed sheet s amples , approxi­
mate ly 45 mi l s thick, with a reduced sect ion approximate ly 1/4 in. wide and a gage 
length of 1 in. 

All tensi le t e s t s were c a r r i e d out at a c ros shead speed of 0. 02 in. pe r min , with 
tes t ing at room t e m p e r a t u r e and 600 F being pe r fo rmed in a i r and t e s t s at 1200 F being 
per formed in hel ium. 

The c reep t e s t s were all conducted in vacuum. P r i o r to tes t ing , the reduced s e c ­
tion of each sample was wrapped with niobium foil to min imize contamination. 

EXPERIMENTAL RESULTS 

Alloy P r e p a r a t i o n 

Screening Alloys 

The composi t ions , c r o s s sec t ions , h a r d n e s s , and fabr icat ion data for all of the 
50-g sc reen ing alloy ingots evaluated to date a r e l i s t ed in Table 3. This table includes 
data for the 22 b inary and 9 t e r n a r y alloys p r e p a r e d using c o m m e r c i a l - p u r i t y niobium in 
the previous Bat te l le p r o g r a m . \^) 

General ly , weight l o s s e s during mel t ing of the alloys containing molybdenum, 
nickel , t i tanium, vanadium, and z i rconium were quite low. However , the weigh t - loss 
data and subsequent ana lyses showed that a lmos t all of the ch romium and mos t of the 
aluminum and i ron added to the alloy cha rges were los t during a r c mel t ing. 



TABLE 3. COMPOSITIONS, HARDNESSES, AND FABRICATION DATA FOR 50-G, mERT-ELECTRODE ARC-MELTED NIOBIUM-BASE ALLOYS 

Alloy 

--

138 
139 

140 
141 

163 
164 

165 

152 

153 
154 

150 

147 

148 

149 

158 
151 

Alloy Content 

(Balance Niobium)^^', 
a /o 

100 Nb 

10. 5 Zr 

2 6 . 1 Zr 

35. 7 Zr 

45. 7 Zr 

1.1 W 
4 ,7 W 

9.6 W 

2.45 Mo 
5.2 Mo 

7. 4 Mo 

4 . 4 V 

6.6 V 

8.9 V 

10.7 V 

13.7 V 
24.2 V 

Weight Loss 

in Melting, 

per cent 

--

--
--
--
--

— 
--
--

--
--
--

— 
— 
— 
— 
— 
--

Thermal-Neutron-

Absorption 

Cross Section, 

barns per atom 

Fabrication 

ProcedureC^) 

Commercial-PurityC") 

1.15 

1.05 

0 .90 

0 .81 

0 .71 

1.3 

2 .0 

2 .8 

1.18 
1.21 

1.26 

1,30 

1.38 

1.48 
1.54 
1.65 

2 .06 

CR 

HR 

HR 

HR 
HR 

CR 

CR 

HR 

CR 

CR 

CR 

CR 
CR 

CR 

CR 

HR 

HR 

Sheet 

Quality^'^) 

E 

G 

G 

G 

G 

G 
G 

G 

G 

G 

F 

G 
G 

G 

F 

G 

G 

Annealing 

Temperature, F 

2730 

2730 
2730 

2730 

2730 

2730 
2730 

2730 

2730 
2730 

2730 

2730 

2730 
2730 

2730 

2730 

2730 

Vickers Hardness 

(10 

As Cast 

120 

187 
212 

283 

289 

147 
175 

230 

128 
154 

175 

152 

168 

196 
209 
264 

285 

-Kg Load) 

As Annealed 

120 

199 

266 

306 
302 

--
--

266 

126 

146 
205 

143 

169 

191 

210 

281 
314 

169 4 .9 Fe 1.22 CR 2730 167 127 

142 

143 

144 

145 

146 

175 

176 
177 

9 .4 Ti 

18. 8 Ti 
2 4 . 3 Ti 

30. 5 Ti 

33. 8 Ti 

1 2 . 0 T i - 0 . 5 C r 
20.2 T i - 2 . 1 Cr 
2 8 . 2 T i - 6 . 1 C t 

1.58 
2 .02 
2 .26 
2 .58 
2 .72 

1.72 
2 .12 
2.56 

CR 

CR 

CR 

CR 

CR 

HR 

HR 

HR 

E 

E 

E 

E 

E 

E 
E 
G 

2730 
2730 

2730 

2730 
2730 

2730 

2730 
2730 

123 

145 

145 

151 

155 

136 
192 
230 

127 
154 

162 

160 
169 

240 

235 
348 



TABLE 3 . (Continued) 

Alloy 

Alloy Cortent 

(Balance Niobium)(^), 

a /o 

Weight Loss 
in Melting, 

per cent 

Thermal-Neutron-
Absorption 

Cross Section, 
barns per atom 

Fabrication 
ProcedureC") 

Sheet 

Quality('^) 

Annealing 
Temperature, 

Vickers Hardness 
(10-Kg Load) 

As Cast As Annealed 

172 
173 

174 

178 

179 
180 

12 T i - 4 . 2 Mo 
1 7 . 4 T i - 6 , 2 Mo 

2y, 1 T i - 7 , 8 M o 

1 0 . 4 T i - 5 , 0 V 

16,1 T i - 8 , 4 V 
2 2 . 6 T i - 1 1 . 0 V 

Commercial-Purity(") 

1,78 

2 .06 
2 .35 

1.57 
1.80 
2 ,05 

(Continued) 

HR 

HR 
HR 

HR 

HR 
HR 

High-Purity 

G 
G 
G 

E 
G 
G 

2730 
2730 

2730 

2730 
2730 

2730 

171 
192 

206 

175 

199 
243 

177 
227 
260 

268 
262 

287 

N l 
N40 

N44 

N56 

N2 

N3 

N4 

N5 

N41 
N42 

N6 
N43 

N8 

N9 
NIO 

N i l 
N12 

N13 

N14 

N15 

N48 

100 Nb 

100 Nb 
100 Nb 

100 Nb 

1.1 Zr 

2 .2 Zr 

5Zr (e ) 
10.2 Zr 
25 Zi<e) 

35 Zi(e) 

40 Zi<e) 

45 Zi<e) 
65 Zr(e) 
75 zKe) 
90 zKe) 

3.2 Ti 

10. 5 Ti 
25 Ti(e) 

<0. 02 Cr 
0.5 Cr 

0. 5 C r 

0 
0.3 
0 
0 
0.1 
0.2 
0 
0,1 
0 
0 
0 

0.4 
2.0 
2.4 

0.8 
5.6 
5.2 

1.15 
1.15 
1.15 
1.15 

1.14 
1.13 
1.10 
1.05 
0.91 
0.81 
0.76 
0.72 
0.52 
0.42 
0.27 

1.30 
1.60 
2.30 

1.15 
1.16 
1.16 

CR 
CR 
CR 
CR 

CR 
HR 
HR 
HR 
HR 
HR 
HR 
HR 
HR 
HR 
HR 

CR 
CR 
CR 

CR 
CR 
CR 

E 
E 
E 
E 

G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 

E 
E 
E 

E 
G 
G 

2190 

2190 

2190 
2190 

2190 

2190 

2730 

2730 

2730 

2730 

2730 
2730 
2730 

2730 
2730 

2190 

2190 

2190 

2190 

2190 
2190 

95 
101 

93 
93 

129 

151 

173 

207 • 
264 
279 

276 

266 
212 

193 
304 

98 
122 

146 

84 

90 
84 

105 

109 

110 
94 

96 

--
165 
192 

--
--

293 

--
234 

195 
435 

83 

106 
123 

74 

78 

113 



TABLE 3. (Continued) 

Alloy 

N45 

N46 

N47 

Alloy Content 

(Balance Niobium)(^), 

a /o 

<0,08 Fe 

0 .3 Fe 

10 Fe(^) 

Weight Loss 

in Melting, 

per cent 

0 .6 
2 .8 
3 .2 

Thermal -Neutron-

Absorption 

Cross Section, 

barns per atom 

1.15 

1,16 

1.28 

Fabrication 
Procedure^') 

High-Purity 
(Continued) 

CR 
HR 
HR 

Sheet 

Quality^*^) 

G 

G 

G 

Annealing 

Temperature, F 

2190 

2190 

2190 

Vickers Hardness 

(10-Kg Load) 

As Cast 

89 

116 

238 

As Annealed 

96 
107 
232 

N57 

N59 

N60 

N61 

N62 

N63 

N64 

l C e ( e ) 

lY{e) 

5 Y(e) 

l N i ( e ) 
2 .5 Ni(e) 
5 Ni<e) 

1 Pd(e) 

1.7 

1.2 

5.0 

0.2 

1.2 

0 .6 

0.4 

1.13 

1.15 

1.16 

1.18 
1,23 
1.32 

1.21 

CR 

CR 

CR 

HR 

HR 

HR 

CR 

2190 73 71 

G 

G 

G 
F 
P 

2190 

2190 

2190 

2190 

2190 

86 

67 

140 
192 

223 

94 

109 

144 

171 

186 

-.o 
2190 107 134 

N16 

N81 

N49 
N50 

N51 

N52 

N53 

N54 

N55 

N65 

N66 

N67 

N68 
N69 

N70 

N71 
N72 

1.6 V 
5v(e) 

2 V-2 . 5 T i 

2 V - 2 . 3 Mo 
2 .2 V-0. 5 4 F e 

2 .2 V - 0 . 8 7 N i 
1.8 V-<0. 02 Cr 

1. 8 V-0 .14 Al 

2. 5 V-2. 5 Zi^^) 

5 V-2. 5 Ti(®) 

5 V-2. 5 Mo(^) 
5 V - 2 . 5 F e ( e ) 

5 V-2. 5 Ci<^) 

5 V-2. 5 Ni<e) 
5 V-2. 5 Al(e) 

2. 5 V-0. 5 d ^ ) 
5 V-0. 5 C(e) 

0.8 
0 

2 . 4 

0 .6 

1,6 

1.4 

2 . 2 

1.0 

0 .6 

0 .5 

0 ,3 

0 ,1 

0 ,4 

0 ,7 

1.3 

0.4 
0 

1.18 
1.34 

1,34 

1.29 

1.24 

1.24 

1,19 

1.19 

1.22 

1.49 

1.38 

1.38 

1.39 

1.48 

1.32 

1.24 

1.34 

CR 

CR 

CR 
CR 
CR 
HR 
CR 
CR 
HR 

CR 

HR 

HR 

CR 

HR 

CR 

HR 

HR 

G 

G 

G 
G 

G 

G 

G 
G 

G 

G 

G 

G 

G 
G 

G 

G 

G 

2190 

2190 

2190 

2190 

2190 

2190 
2190 

2190 
2190 

2190 

2190 
2190 

2190 

2190 

2190 

2190 

2190 

106 
159 

115 

127 

136 

177 

106 
105 
149 

150 

144 

177 
149 
232 

150 

153 

198 

91 
151 

118 
134 

134 

174 

105 

109 
146 

150 

158 
169 

149 
211 

144 

130 

163 



TABLE 3. (Continued) 

Alloy 

Alloy Content 

(Balance Niobium)(^), 

a/o 

Weight Loss 

in Melting, 

per cent 

Thermal-Neutron-

Absorption 

Cross Section, 
barns per atom 

Fabrication 

Procedure^") 

Sheet 

Quality('=) 

Annealing 

Temperature, 

Vickers Hardness 

(10-Kg Load) 

As Cast As Annealed 

N73 

N74 

N75 
N76 

N77 

N78 
N79 

N80 

N17 
N18 

N19 

N20 

N21 

N22 

N23 

N24 

N25 

N26 

N28 

N29 

N30 

N31 

N32 

N33 

N34 

N35 

N36 

N37 

N38 

N39 

2 . 5 V-0. 25 T i -

5 V-0. 25 Ti -0 . 
2 .5 V-0 .25 Zr-

5 V-0,25 Zt -0 , 

2. 5 V-0. 5 Ti-0 

5 V-0. 5 T i -0 . 5 

2 , 5 V-0. 5 Zr-0 

5 V-0. 5 Zr -0 .5 

2. 3 Zr -4 . 0 V 

25 Zr-5 v(s) 
35 Zr-5 V(e) 

45 Zr-5 V(e) 

10. 9 Z r - 5 . 1 Ti 

25 Zr -5 Ti<^) 

25 Zr-15 Ti(^) 
25 Zr-25 Ti(e) 

35 Zr -5 Ti(e) 

35 Zr-15 Ti(^) 

45 Zr-5 Ti(e) 

10 Zr -5 Mo(e) 

35 Zr-5 Mc(e) 

45 Zr -5 Mo(e) 

35 Zr-5 Al(«^) 
35 Zr-15 A](e) 

45 Zr-5 Al(e) 

10 Zr-5 Ct(e) 

35 Zr-5 Ci(e) 

45 Zr -5 Ci(^) 

10 Zr-5 Fe(e) 

45 Zr-5 Fe(e) 

0. 5 0(e) 
5 0(e) 
0 .5C^e) 

5 0(e) 

. 5 c ( e ) 
d e ) 

. 5 C ( e ) 
c (e) 

0 ,3 

0 
0 

0 .1 

0 .3 
0 .3 

0 
0 

1.7 
0.2 
0 .1 

0 .1 

1.8 

1.1 
0 .6 
0 .4 

1,0 

0 ,8 

0 ,6 

0 ,3 

0 ,6 
0,2 

0 .4 

0.2 

0 

2 .7 

1.0 

0 .5 

1.2 

0 

1.29 

1.41 

1,24 

1,34 

1.30 
1.42 
1.24 
1.34 

1.26 
1,10 
1.00 
0.90 

1.24 
1.10 
1.56 
2 .04 
1.00 
1,50 
0.92 

1.13 

0.88 

0.78 

0.76 
0.68 
0.67 

1.14 

0.99 

0 .93 

1.12 

0.78 

High-Purity 

(Continued) 

HR 

HR 

HR 

HR 

HR 
HR 
HR 
HR 

HR 
HR 
HR 
HR 

HR 
HR 
HR 
HR 
HR 
HR 
HR 

HR 

HR 

HR 

HR 

HR 

HR 

HR 

HR 

HR 

HR 
HR 

G 
G 
G 
G 

G 

G 

G 

G 

G 
G 
G 
G 

G 
G 
G 
G 
G 
G 
G 

G 

G 

G 

G 

NG 
G 

G 

NG 

G 

G 

NG 

2190 
2190 
2190 
2190 

2190 
2190 
2190 
2190 

2190 

2730 

2730 

2730 

2730 

2730 

2730 

2730 

2730 

2730 

2730 

2730 

2730 

2730 

2730 

2730 

2730 

2730 

2730 

162 

179 

165 

188 

150 

199 

160 

203 

101 

283 

297 

304 

202 

258 

253 

253 

262 

264 

253 

236 

323 

321 

325 

429 

311 

194 

312 

330 

266 

348 

161 

186 

158 

163 

127 

163 

163 

198 

168 

286 

313 

321 

210 

271 

277 

265 

274 

306 

280 

244 

325 

313 

329 

329 

219 

332 

341 

Footnotes appear on following page. 



t . * 

Footnotes for Table 3. 

(a) By chemical analysis unless otherwise indicated. 
(b) CR designates cold rolling to 45-mil-thick strip, with interstage annealing at 75 per cent reduction, HR designates hot rolling in evacuated stainless steel 

pack at 1800 F to 45-mil-thick strip. 
(c) E designates excellent, G designates good, F designates fair, NG designates no good. 
(d) Alloys made in earlier Battelle program, see BMI-1317, "Oxidation and Contamination Reactions of Niobium and Niobium Alloys", February 3, 1959. 
(e) Nominal composition. 
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The e a r l i e r Bat te l le work indicated that b inary addit ions to niobium of t i tanium, 
molybdenum, z i rconium, vanadium, i ron , and tungsten (in the approximate o rde r l is ted) 
rest i l ted in alloys of increas ingly h igher h a r d n e s s e s . This s ame work indicated the 
approximate l imit ing alloy contents for good cold workabi l i ty in 50-g b ina ry -a l loy 
ingots were as follows: 

Ti tanium 
Vanadium 
Molybdenum 
Zirconium 

>33. 8 a /o 
10.7 a /o 
- 7 . 5 a /o 

<10,5 a / o 

I ron 
Tungsten 
Chromium 

~5 a /o 
~5 a /o 
<3 a /o 

In the p r e s e n t work, the alloy l imi t s for good cold workabi l i ty were m o r e c losely 
defined for b inary n iob ium-z i rcon ium and n iob ium- i ron alloys at leve ls of about 1 p e r 
cent each for both alloying e lements . 

The only alloys which could not be fabr ica ted to useful sheet by cold- or ho t -pack 
roll ing were those t e r n a r i e s containing 35 a /o z i rcon ium-15 a /o a luminum, 35 a /o 
z i rconi iun-5 a /o chromium, and 45 a /o z i r con ium-5 a /o i ron . 

After fabr icat ion and cleanup, each alloy was vacuum annealed. Ini t ial ly, 1 h r at 
2730 F (1500 C) was used as the annealing t r e a t m e n t as in the p rev ious work. La t e r , 
however , the annealing t e m p e r a t u r e was dropped to 2190 F (1200 C) for al loys containing 
a total of 10 pe r cent additions or l e s s in o r d e r to keep the r ec ry s t a l l i z ed grain s i zes 
as smal l as poss ib le . 

As indicated in Table 3, four unalloyed 50-g ingots of niobium w e r e p r e p a r e d to 
act as control samples for the a l loys . The niobium for each of the unalloyed ingots was 
taken f rom the same lot of e l e c t r o n - b e a m - m e l t e d m a t e r i a l (Lot 405-599-P37) which had 
an a s - r e c e i v e d h a r d n e s s of 81 VHN. Alloys N l , N40, and N44 were each mel ted t h r e e 
t i m e s , and Alloy N56 was mel ted twice. In addition, s epa ra t e niobium get ter buttons 
were mel ted p r i o r to each mel t ing opera t ion for Alloys N44 arid N56. In spite of these 
p recau t ions , the h a r d n e s s e s of all four a r c - m e l t e d samples were 20 to 30 VHN higher 
than that of the base m a t e r i a l , indicating that some contanaination had o c c u r r e d during 
mel t ing . 

Scaleup Alloys 

Table 4 l i s t s the composi t ions , c r o s s sec t ions , h a r d n e s s e s , and fabr ica t ion data 
for the fourteen 2 - l / 2 - l b alloy ingots which were p r e p a r e d to obtain m e c h a n i c a l - p r o p e r t y 
data on se lected composi t ions of i n t e re s t . 

In o r d e r to obtain compara t ive data for unalloyed niobium, a por t ion of one a s -
rece ived, e l e c t r o n - b e a m - m e l t e d ingot (Lot 405-599-P37) was cold rol led d i rec t ly f rom 
the 4-in. ingot to 70-mi l - th ick sheet . After degreas ing and pickling, this m a t e r i a l was 
vacuum annealed for 1 h r at 2730 F . Analyses of this m a t e r i a l for in t e r s t i t i a l content 
a r e given in Table 5. Compar i son of these data with those for the a s - r e c e i v e d m a t e r i a l 
(Table 1) shows that about 70 ppm oxygen pickup o c c u r r e d as a r e su l t of contamination 
during the cold roll ing and /o r vacuum annealing of th is m a t e r i a l . 
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TABLE 4. COMPOSITIONS, HARDNESSES, AND FABRICATION DATA FOR 2-1/2-LB, CONSUMABLE-ELECTRODE 

ARC-MELTED ALLOY INGOTS 

Alloy 

NL-1 

NL-2 

NL-3 
NL-4 

NL-5 

NL-5R 

NL-6 

NL-7 

NL-8 

NL-9 
NL-10 

NL-11 

NL-12 
NL-13 
NL-14 

Alloy Content (Balance Niobium), a/o 
Charged Analyzed 

45. 9 Zr 

1 3 . 1 V 

7.5 Mo 

4 5 . 1 Z r - 5 . 0 Ti 

44 .8 Z r - 3 . 0 V 

4 5 . 0 Z r - 3 . 1 V 

1 6 . 4 T 1 - 8 . 3 Mo 

11 2 T i - 3 . 6 Mo 

9. 9 V-9 . 9 Z r 

12. 8 V - 6 . 3 Z r 
9.9 T i - 6 . 7 C r 

7.6 V 

8.8 V-0 .22 N 
7 .4 V - 2 . 5 Ti 

7.5 V-2 . 5 Mo 

--

12.6 V 

7 .2 Mo 

46 .8 Z r - 5 . 1 Ti 

--

18.8 T i - 8 . 7 Mo 

11.2 T i - 3 . 2 Mo 

9 .4 V-9 . 9 Zr 

1 1 . 4 V - 5 . 7 Zr 
9.6 T i - 3 . 3 C rW 

7.6 V 

8.7 V-0 .26 N(*^) 
7 . 3 V - 2 . 4 T 1 

7.6 V-2 . 3 Mo 

Thermal-

Neutron-

Absorption 

Cross Section, 

barns per atom 

0.70 

1.61 

1.25 

0.92 

0 .83 

0 .83 

2 15 

1.72 

1.39 

1.50 

1.75 
1.44 

1.47 
1.55 

1.48 

As-Cast 

Hardness 

(1500-Kg 

Load), 
Bhn 

255 

201 

160 

238 

272 

258 

198 

151 

228 

237 
196 

168 

182 

172 

185 

Fabrication Conditions^^' 

Forged in SS at 1950 F 

and rolled m SS at 

1800 F 

Ditto 

Ditto 

(1) Forged in air at 
2200 F 

(2) Ingot slabs rolled 
in SS at 1800 F 

(1) Forged in air at 
2200 F 

(2) Ingot slabs rolled 
in SS at 1800 F 

Ingot slabs rolled in SS 
at 1800 F 

(1) Forged in air at 

2200 F 

(2) Ingot slabs rolled 
in SS at 1800 F 

Ingot slabs rolled in SS 
at 1800 F 

Ditto 

Ditto 

Ditto 
Ditto 

Ditto 

Ditto 

Ditto 

Results 

Partial liquation, 

sheet no good 

Some edge crack­

ing, fair quality 

sheet 

Ditto 

(1) Ingot cracked 
m init ial 
upsetting 

(2) Rolled to \ery 
good quality sheet 

(1) Ingot cracked 
m init ial 
upsetting 

(2) No good, 
slices fragmented 

severely 
No good, slices 

fragmented 
severely 

(1) Ingot cracked 
m initial 
upsetting 

(2) Rolled to very 
good quality 
sheet 

Rolled to very 
good quality 
sheet 

Rolled to good 

quality sheet 

Ditto 

Ditto 
Rolled to very 

good quality 

sheet 

Ditto 

Ditto 

Ditto 

(d) SS designates evacuated stainless steel pack. 
(b) Chromium content variable, see text. 
(c) Equivalent to 0.040 w/o nitrogen. 
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TABLE 5. ANALYSES OF SELECTED NIOBIUM-BASE ALLOYS FOR INTERSTITIAL CONTAMINANTs(^) 

Alloy 

TP-37 

NL-2 

N V 3 

NL-4 

NL-6 

NL-7 

NL-8 

NL-9 

NL-10 

NL-11 

NL-12 

NL-13 

NL-14 

Alloy Content 

(Balance Niobium), 
a /o 

100 NbC^) 

12.6 V 

7.2 Mo 

46 .8 Z r - 5 . 1 Ti 

18.8 T i - 8 . 7 Mo 

11.2 T i - 3 . 2 Mo 

9.4 V-9 . 9 Zr 

11 .4 V - 5 . 7 Zr 

9. 6 T i - 3 . 3 Cr 

7 .6 V 

8.7 V-0 .26 N 

7.3 V - 2 . 4 T i 

7.6 V - 2 . 3 Mo 

Interstitial Content, ppm 

Oxygen Nitrogen Carbon Hydrogen 

200 

360 

440 

200 

290 

270 

1780 

226 

240 

280 

300 

244 

90 

140 

90 

70 

100 

90 

560 

220 

60 

160 

400 

170 

150 

70 

180 

60 

60 

70 

100 

420 

250 

160 

160 

200 

110 

130 

3 

7 

19 

11 

17 

9 

19 

2 

7 

21 

18 

10 

(a) All materials analyzed after fabrication and vacuum annealing. 

(b) Fabricated from elect ron-beam-melted stock (without remelting) by cold toll ing. 
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Radiographs made for each of the double consumab le -e l ec t rode -me l t ed alloy 
ingots indicated that each was sound and free of poros i ty . After surface cleanup by 
light machining, the f i r s t t h r ee alloy ingots (NL-1 , NL-2 , and NL-3 in Table 4) were 
s imply inse r t ed in 1-5/8-in. -ID by 3-in, -OD s ta in less s tee l cans which were closed by 
welding in end plugs under a pa r t i a l p r e s s u r e of hel ium. F o r these as for all pack-
rolled m a t e r i a l s , the chromic oxide-water g lass s l u r r y was used to prevent bonding of 
the alloys to the s ta in less s tee l . 

The canned ingots were then forged in a i r at 1950 F to 1-in. - th ick b i l l e t s . X - r a y 
inspection of the canned b i l le t s showed the n iobium-45. 9 a /o z i rconium alloy was badly 
cracked while the niobium-12. 6 a /o vanadium and n iobium-7 . 2 a /o molybdenum alloy 
bi l le ts showed only minor edge cracking. All t h r e e b i l le ts were then rol led to l / 8 - i n , -
thick sheet at 1800 F , 

On at tempted str ipping of the alloys f rom the s ta in less s tee l , it was found that the 
n iobium-45. 9 a /o z i rconium alloy w^as too badly f ragmented to be sa lvageable . Visible 
evidences of wetting of the s ta in less s tee l indicated that l iquation had occu r r ed in the 
contact a r e a s between this alloy and the s tee l . This was apparent ly caused by the fo rma­
tion of a low-mel t ing eutect ic due to in ter diffusion of the z i rcon ium (from the alloy), 
chromium, i ron, and nickel (from the s ta in less steel) at 1950 F , The other two alloy 
sheets were readi ly removed f rom the s ta in less and had modera t e ly rough sur faces w^ith 
edge cracking that was no m o r e seve re than that observed on these same alloy ingots 
after forging. 

In an a t tempt to expedite fabr icat ion, forging of the next th ree alloy ingots (NL-4, 
- 5 , and - 6 , in Table 4) was a t tempted in a i r at 2200 F . However , when each of the 
th ree ingots developed rad ia l c r acks during the init ial upset t ing opera t ions , forging •was 
stopped and abandoned in the fabr ica t ion p r o c e s s for the l a r g e , a r c - m e l t e d alloy ingots. 
Instead, the p rac t i ce of d i rec t hot roll ing s ta in less s t ee l - c l ad s labs cut from the ingots 
was adopted, as desc r ibed e a r l i e r in this r epor t . 

As shown in Table 4, sheet of good to v e r y good quali ty was obtained f rom all of 
the ingots rol led using this technique excepting only the niobium-45 a /o z i rcon ium-
3. 1 a /o vanadium alloy -which f ragmented severe ly . 

As a check on the homogeneity of the a l loys , samples f rom the ends and cen te r s 
of two 30-in. - long alloy s t r i p s were analyzed for major meta l l i c additions with the 
following r e su l t s : 

Alloy Content (Balance Niobium), a /o 
Analyzed 

Alloy Charged End A Center End B Average 

NL-2 13- 1 V 12.65 V 1 2 . 8 1 V 12.28 V 12.58 V 
NL-3 7, 5 Mo 7. 22 Mo 7. 02 Mo 7, 30 Mo 7. 18 Mo 

These r e su l t s indicated good alloy homogenei ty was obtained in mel t ing and, on this 
b a s i s , single ana lyses only were obtained on the balance of the fabr icated alloy shee t s . 
An exception was made in the case of the nominal 9. 9 a /o t i t an ium-6 . 7 a /o ch romium 
alloy sheet (Alloy NL-10) for which two sepa ra t e samples were analyzed for ch romium 
content. Here , due to va r i ab le l o s s e s in mel t ing , the ch romium content ranged f rom 
0. 44 a /o at one end of the sheet to 6, 3 a / o at the other . 
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Analyses for in te r s t i t i a l contaminants were obtained on each of the annealed alloy 
sheets with the r e su l t s shown in Table 5, Marked i n c r e a s e s in in te r s t i t i a l content were 
observed for seve ra l a l loys , especia l ly those containing vanadium. It appea r s poss ib le 
that the higher oxygen contents of Alloys NL-2 and NL-3 resu l ted f rom heating these 
ingots to a h igher t e m p e r a t u r e (1950 F) dur ing fabr ica t ion than the o ther ingots (1800 F 
max) . On the other hand, the h i g h e r - t h a n - a v e r a g e levels of carbon, n i t rogen, and 
oxygen in the vanadium-containing alloys suggest that apprec iable amounts of these con­
taminants were contained in the vanadium. The ve ry high oxygen content (1780 ppm) of 
the n iob ium-11 , 4 a /o vanadium-5 . 7 a /o z i rconium alloy shows that significant oxygen 
contamination, f rom an unknown sou rce , a l so o c c u r r e d in this alloy. 

Metal lography 

The s t r uc tu r e s of m o s t of the b ina ry alloys and some of the t e r n a r y alloys were 
examined in the vacuum-annealed condition. As indicated in Table 6, mos t of these 
alloys consis ted of a s ing le -phase sol id-solut ion s t r u c t u r e based on the niobium. 
F igu re s l a and lb show rep resen ta t ive equiaxed s t r u c t u r e s observed for the base m a ­
t e r i a l and the al loys. 

As noted in Table 6, b inary alloys containing 10 a /o i ron or 10. 5 through 45. 7 a /o 
z i rconium contained two phase s . S imi la r ly , each of the t e r n a r y alloys containing z i r c o ­
nium also contained varying amounts of apparent ly the same z i r c o n i u m - r i c h second 
phase observed in the b ina ry z i rcon ium al loys . In the 2. 5 a / o vanad ium-2 . 5 a /o z i r c o ­
nium, this phase occu r red in the fo rm of widely spaced, randomly d is t r ibu ted p a r t i c l e s 
as shown in F igu re Ic . The alloys with 10. 5 to 45. 7 a /o z i rcon ium contained app re ­
ciably m o r e of this phase which was d is t r ibuted both in t e r - and i n t r ag ranu l a r ly as a 
ve ry fine d i spers ion . S imi la r s t r u c t u r e s w e r e found in the 11. 4 a /o vanad ium-5 . 7 a /o 
z i rconium (Figure Id) and 9 .4 a /o vanad ium-9 . 9 a /o z i rcon ium t e r n a r y edloys. L e s s e r 
anaounts of apparent ly the same phase were observed in the annealed 46. 8 a /o z i rcon ium-
5. 1 a /o titcuiium alloy as shown in F igu re l e . 

One meta l lographic sample of the segrega ted 9. 6 a /o t i t an ium-3 . 3 a /o ch romium 
alloy ( i l lus t ra ted in F igu re If) showed t r a c e s of a second phase at the gra in boundar ies . 
Three other t i t an ium-ch romium alloys of higher t i tanium: chromium ra t i o s , p r e p a r e d as 
sma l l e r ingots, were all single phase . Accordingly, the ext raneous phase in the 9. 6 a /o 
t i t an ium-3 . 3 a /o ch romium alloy was tentat ively identified as a c h r o m i u m - r i c h phase 
resul t ing f rom chromium segregat ion and is probably based on the NbCr2 compoiind. 

Cor ros ion Test ing 

Cor ros ion t e s t s were conducted under degassed conditions in s ta t ic h igh-pur i ty 
600 and 680 F water and in 750 F , 1500-psi s t eam. Cor ros ion behavior was es tab l i shed 
by noting changes in weight and surface appearance for success ive exposure pe r iods . 
Metal lographic examinat ions and hydrogen a s s a y s a lso were conducted on se lected 
spec imens . 
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TABLE 6. SUMMARIZED DESCRIPTION OF METALLOGRAPHIC STRUCTURES 

OBSERVED IN ANNEALED NIOBIUM-BASE ALLOYS 

Composition Range (Balance Niobium)(^), a /o 

Single-Phase Alloy Structures Two-Phase Alloy Structures 

Binary Alloys 

0-33 .8 Ti 

0 -24 .2 V 
0 -7 .4 Mo 
0-4. 9 Fe 10 FeC') 0-4.7 W 

12 T i - 0 . 5 Cr 
2 0 . 2 T i - 2 . 1 Cr 
28.2 T i - 6 . 1 Cr 

11 .2 T i - 3 . 2 Mo 
12 T i - 4 . 2 Mo 
1 7 , 4 T i - 6 . 2 Mo 
18,8 T i - 8 , 7 Mo 

1 0 , 4 T i - 5 V 
16 .1 T i - 8 , 4 V 
22 .6 T i -11 V 

Ternary Alloys 

1 0 . 5 - 4 5 . 7 Zr 

2 .5 V - 2 , 5 Zr^'') 

9 .4 V - 9 . 9 Zr 

1 1 . 4 V - 5 . 7 Zr 

4 6 . 8 Z r - 5 . 1 T i 

(a) All vacuum annealed 1 hr at 2730 F and furnace cooled unless otherwise 
indicated. 

(b) Vacuum annealed 1 hr at 2190 F and furnace cooled. 
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lOOX N57528 

a. 100 a /o Niobium 

lOOX N57994 

b . Niobium-18. 8 a /o T i t amum-8 . 7 a /o Molybdenum 

* ; X 

(T 

->f 

\ " 

•7 
t*-/*̂  •Six 

lOOX N61330 

c. Niobium 2. 5 a /o Vanadium-2. 5 a /o Zirconium 

lOOX N61366 

d. Niobium-11.4 a /o Vanadium-5.7 a /o Zirconium 

\ 

X / \ 
I 

\ 

lOOX N57997 

e . Niobium-46. 8 a /o Z i rcomum-5 .1 a /o Titanium 

lOOX N61367 

f. Niobium-9.6 a /o T i t an ium-3 .3 a /o Chromium 

FIGURE 1. REPRESENTATIVE MICROSTRUCTURES OF VACUUM-ANNEALED NIOBIUM-BASE ALLOYS 
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A p p e a r a n c e of C o r r o d e d S a m p l e s 

T h e c o r r o s i o n f i l m o n u n a l l o y e d n i o b i u m w a s d a r k g r a y t o b l a c k i n a l l t e s t c o n d i ­

t i o n s . I t w a s a d h e r e n t d u r i n g i n i t i a l e x p o s u r e s , b u t e v e n t u a l l y b e g a j i t o s p a l l . Of t h e 

a l l o y s s t u d i e d , t h o s e c o n t a i n i n g m o r e t h a n 4 0 t o 4 5 a / o z i r c o n i u m , a t e r n a r y w i t h 2 8 . 2 

a / o t i t a n i u m - 6 . 1 a / o c h r o m i u m a n d a t e r n a r y w i t h 10 . 9 a / o z i r c o n i u m - 5 . 1 a / o i r o n e x ­

h i b i t e d a d h e r e n t t a r n i s h f i l m s t h r o u g h o u t t h e c o u r s e of t h e t e s t s ( 1 9 6 d a y s i n 6 8 0 F 

w a t e r ) . T h e a l l o y s w h i c h c o n t a i n e d z i r c o n i u m • w e r e c o v e r e d •with a n a d h e r e n t s h i n y 

b l a c k f i l m w h i l e t h e t i t a n i u m - c h r o m i u m a l l o y p o s s e s s e d a n i r i d e s c e n t t a r n i s h d u r i n g t h e 

e n t i r e e x p o s u r e . A n u m b e r of a l l o y s e x h i b i t e d t a r n i s h f i l m s w h i c h w e r e r e p l a c e d b y a 

d a r k - g r a y o r b ro^wn f i l m u p o n c o n t i n u e d e x p o s u r e . I n c l u d e d a m o n g t h e s e w e r e b i n a r y 

a l l o y s c o n t a i n i n g 25 t o 35 a / o z i r c o n i u m , 7 . 5 a / o m o l y b d e n u m , 10 t o 25 a / o v a n a d i u m , 

20 t o 35 a / o t i t a n i u m , a n d t e r n a r i e s c o n t a i n i n g a t l e a s t o n e of t h e a b o v e e l e m e n t s i n t h e 

c o m p o s i t i o n r a n g e l i s t e d . A l l o t h e r a l l o y s p e c i m e n s w e r e c o v e r e d w i t h d a r k - g r a y o r 

b r o w n f i l m s a f t e r t h e i n i t i a l e x p o s u r e . 

I d e n t i f i c a t i o n of S u r f a c e O x i d e s 

A t t e m p t s w e r e m a d e u s i n g X - r a y d i f f r a c t i o n t e c h n i q u e s t o i d e n t i f y t h e s p e c i e s of 
o x i d e s w h i c h o c c u r r e d o n t h e s u r f a c e s of s e v e r a l c o r r o d e d a l l o y s a m p l e s . T h e r e s u l t s 
a r e s u m m a r i z e d i n T a b l e 7 . T h e l o w - t e m p e r a t u r e T - t y p e m o d i f i c a t i o n ' ^ ) of N b 2 0 5 w a s 
o b s e r v e d a s t h e m a j o r c o n s t i t u e n t i n t h e o x i d e s c a l e s of u n a l l o y e d n i o b i u m a n d t h e 4 . 7 a / o 
t u n g s t e n a l l o y . O n t h e o t h e r h a n d , ne^w o x i d e s of 6 Z r 0 2 " N b ^ O g a n d T i O ^ r u t i l e w e r e 
f o u n d i n t h e 4 5 . 7 a / o z i r c o n i u m a n d 2 8 . 2 a / o t i t c L n i u m - 6 . 1 a / o c h r o m i u m a l l o y s c a l e s , 
r e s p e c t i v e l y . 

TABLE 7. IDENTIFICATION OF SURFACE OXIDES BY X-RAY DIFFRACTION 

Alloy Content Corrosion Time 
(Balance Niobium), in 680 F Water, 

Alloy a/o days Phases in Scale 

100 Nb 

149 10,7 V 

151 24.2 V 

164 4.7 W 

141 45,7 Zr 

144 24,3 Ti 

177 2 8 . 2 T i - 6 , l C r 

28 

196 

196 

196 

42 

196 

42 
196 

T-NbgOg^^) 

Unidentifiable phase plus trace of NbO 

Unidentifiable 

T-NbgOg 

6Zr02-Nb205 

Two unidentifiable phases, one of which 
is similar to niobium-24,2 vanadium 
phase 

Unidentifiable 
T i 0 ( ' ' ) 

(a) A phase believed to be hydrogen-distorted niobium was also noted in scrapings from sample surface. 
(b) Identification is tentative. 
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Corros ion Rates 

C o m m e r c i a l - P u r i t y Niobium-Base Alloys, Cor ros ion t e s t s of a sc reen ing na ture 
were conducted in 680 F wate r on the c o m m e r c i a l - p u r i t y n iob ium-base alloys l i s ted in 
Table 8. Where sufficient m a t e r i a l •was avai lable , spec imens f rom the same alloys were 
also exposed to 750 F , 1500-psi s team. 

Weight-change data obtained at the in te rmedia te exposure per iods were somewhat 
e r r a t i c . P lo t ted curves exhibited a "wavy" appearance which suggested occasional loss 
of co r ros ion product . Contributing fac tors were bel ieved to be: (1) slight powdering of 
the gray or brown co r ros ion f i lms , (2) smal l spec imen s ize , and (3) exposure of occa­
sional defects which had been s m e a r e d over and not removed during spec imen p r e p a r a ­
tion. As a r e su l t of this e r r a t i c behavior , weight c h a n g e - v e r s u s - t i m e plots were not 
obtained, although the data seemed to follow a parabol ic ra te law for s eve ra l of the 
a l loys . The cumulat ive weight-change data after 196 d a y s ' exposure for the al loys in­
vest igated a r e included in Table 8. The unalloyed niobium was connpletely oxidized after 
42 days ' exposure , while the 9. 6 a /o tungsten alloy c racked within 7 days . Alloys con­
taining 1. 1 and 4. 7 a /o tungsten or 2. 45 and 5. 2 a /o molybdenum were losing weight. 
All other alloy spec imens gained weight. The mos t r e s i s t an t alloy appeared to be the 
45. 7 a /o z i rconium binary and the 28. 2 a /o t i t an ium-6 . 1 a /o ch romium t e r n a r y which 
exhibited adherent shiny black and i r idescen t t a rn i sh f i lms , respec t ive ly . 

Cor ros ion r e su l t s for the c o m m e r c i a l - p u r i t y n iob ium-base alloys exposed to 750 F 
s team also a r e p resen ted in Table 8. The acce l e ra t ed na ture of at tack was quite p r o ­
nounced on the l e s s - c o r r o s i o n - r e s i s t a n t a l loys . The unalloyed niobium was complete ly 
oxidized within 28 days ' exposure , while the 2. 45 a /o molybdenum and 4. 9 a /o i ron 
alloys were completely oxidized at 98 d a y s ' exposure . The remain ing al loys have s u r ­
vived 210 days ' exposure , although weight l o s s e s a r e v e r y high on the 10. 5 a /o z i r c o ­
nium, 1. 1 a /o tungsten, and 5. 2 a /o molybdenum alloys running 3, 970, 6, 420, and 
18, 450 mg pe r dm^, respec t ive ly . The 4. 4 a /o vanadium alloy also is losing weight at 
2400 mg pe r dm^, while the 6. 6 and 8. 9 vanadium and the 9, 4 a /o t i tanium alloys p o s s e s 
weight gains in the range of 120 to 125 mg p e r dm2. The l a t t e r were about double those 
observed for repl ica te spec imens after 196 days ' exposure to 680 F water . 

High-Pur i ty Niobium-Base Alloys. Cor ros ion t e s t s were conducted on h igh-pur i ty 
n iobium-base alloys taken f rom two s izes of a r c me l t s : (1) consumable -e lec t rode m e l t s 
weighing seve ra l pounds and (2) rock ing-hear th a r c m e l t s weighing 50 g. The f o r m e r 
were used for extensive m e c h a n i c a l - p r o p e r t y evaluation, while the l a t t e r were used as 
screening alloys in the s ea r ch for improved p r o p e r t i e s . 

Consumable -Elec t rode Arc Mel t s . The quantity of m a t e r i a l available f rom the 
consumable-e lec t rode me l t s was sufficient to conduct co r ros ion studies at all t h r e e tes t 
t e m p e r a t u r e s . The r e su l t s after exposures of up to 280 days a r e s u m m a r i z e d in 
Table 9. It is apparent from compar ing the data in Tables 8 and 9 that the h igh-pur i ty 
unalloyed niobium exhibits a much longer co r ros ion life than does the c o m m e r c i a l - p u r i t y 
stock. However, in the init ial s tages of co r ros ion t h e r e is l i t t le difference between the 
two as i l lus t ra ted in F igu re 2. 
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Alloy 

__ 
138 

139 
140 

141 

163 
164 

165 

152 
153 
154 

150 

147 

148 

149 
158 
151 

lAfi 

Alloy Content 

(Balance Niobium), 

a /o 

100 Nb 

10. 5 Z r 

26. 1 Zr 
35. 7 Zr 

45. 7 Zr 

1. 1 W 

4. 7 W 
9. 6 W 

2. 45 Mo 
5.2 Mo 

7. 4 Mo 

4 . 4 V 
6.6 V 

8.9 V 
10.7 V 

13.7 V 
24 .2 V 

ILE «. SUMMARl 

NIOBIUM-

Thermal -

Neutron-
Absorption 

Cross Section, 

barns per atom 

1.15 

1.05 

0.90 
0 .81 

0 .71 

1.3 
2 .0 

2 .8 

1. 18 
1.21 

1.26 

1.30 

1.38 

1.48 
1.54 

1. 65 
2 .06 

: Uh CURKUWUN R h b U L l b hUK C U M M t K C l A L - P U K i l Y 

•BASE ALLOYS EXPOSED TO WATER AND STEAM 

600 F Water 

Exposure 

T ime , 

days 

196 

--
--
--
--

__ 
--
--

.-
--
--

--
--
--
--
--
--

Total Weight 

Change, 

mg per dm^ 

-1860 

--
— 
--
--

. . 
--
--

• -

--
--

--
--
--
--
--
--

680 F Water 

Exposure 

T ime , 

days(a) 

42 

196 

196 
196 

196 

196 
196 

7 

196 
196 

196 

196 
196 

196 
196 

196 
196 

Total Weight 

Change, 

mg per dm 

Disintegrated 
67 

7 
66 

55 

-260 

-2,930 
Cracked 

-710 
-130 

62 

42 
73 
59 

78 
50 

0 

750 F Steam 

Exposure 

T ime , 

days 

28(a) 
210 

--
--
--

210 

--
--

98(a) 

210 

--

210 
210 

210 

--
--
--

Total Weight 

Change, 

mg per dm^ 

Disintegrated 
-3,970 

--
--
--

-6 ,420 

--
--

Disintegrated 
-18,450 

--

-2 , 400 
127 

118 

--
--
--

169 4. 9 F e 1.22 196 10 

142 
143 
144 

145 
146 

175 

176 

177 

172 
173 
174 

178 
179 
180 

--

9. 4 T i 
18. 8 Ti 
24. 3 Ti 

30. 5 T i 
33. 8 Ti 

12. 0 T i -0 . 5 Cr 
2 0 . 2 T 1 - 2 . 1 Cr 

28 .2 T i - 6 . 1 Cr 

12 T i - 4 . 2 Mo 
17. 4 T 1 - 6 . 2 Mo 

2 3 . 1 T i - 7 . 8 Mo 

10. 4 T 1 - 5 . 0 V 

16 .1 T i - 8 . 4 V 
22. 6 T i - 1 1 . 0 V 

Zircaloy-2 

1.58 
2 .02 

2 .26 

2.58 
2 .72 

1.72 
2.12 

2 .56 

1.78 
2 .06 

2 .35 

1.57 
1.80 

2 . 0 5 

0. 19 

196 
196 
196 

196 

196 

196 

196 

196 

196 
196 
196 

196 
196 

196 

65 
48 
52 

40 

33 

66 
39 

20 

64 
54 

45 

56 
40 

48 

98(a) Disintegrated 

210 119 

200 22(b) 200 66(b) 200 243(b) 

(a) Specimens off lest. 

(b) Reference (5). 
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TABLE 9. SUMMARY OF CORROSION RESULTS FOR CONSUMABLE-ELECTRODE-MELTED 
fflGH-PURITY NIOBIUM-BASE ALLOYS EXPOSED TO WATER AND STEAM 

Alloy 

Addition 

(Balance Niobium) 

a /o 

100 Nb(l5) 

7. 2 Mo 

12.6 V 

46. 8 Zr -5 . 1 Ti 

11.2 T i - 3 . 2 Mo 

18.8 T i - 8 . 7 Mo 

11. 4 V - 5 . 7 Zr 

9. 4 V - 9 . 9 Z r 

9. 6 T i - 3 . 3 Cr 

Zircaloy-2 

Thermal -
Neutron-
Absorption 

Cross Section, 

barns per atom 

1.15 

1.25 

1. 61 

0.92 

1.72 

2 . 1 5 

1.50 

1.39 

1.75 

0.19 

600 F Water 

Exposure 
Time, 
days 

280 

280 

280 

280 

280 

280 

196 

196 

196 

200 

Total Weight 

Change, 

mg per dm.^ 

76 

73 

40 

24 

36 

22 

6 

14^̂ )̂ 

- 4 

22^'^) 

680 F Water 
Exposure 

T ime , 

days 

280 

224(a) 

280 

280 

280 

280 

196 

196 

196 

200 

Total Weight 

Change, 

mg per dm^ 

-722 

Cracked 

72 

103 

66 

66 

43 

23CC) 

50 

66(d) 

750 F Steam 
Exposure 

T ime , 

days 

224(a) 

,o(a) 

280 

280 

280 

280 

196 

196 

196 

200 

Total Weight 

Change, 
mg per dm^ 

-5400 

Cracked 

76 

254 

36^=) 

53('=) 

-237 

-682 

-553 

243(d) 

(a) Specimens off test. 

(b) Portion of as-received electron-beam-melted ingot. 
(c) Specimens are losing weight. 
(d) Reference (5). 
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AEA-32259 

FIGURE 2. WEIGHT CHANGES FOR COMMERCIAL PURITY ( C . P . ) AND 
HIGH-PURITY ( H . P . ) NIOBIUM IN 600 AND 680 F WATER 
AND IN 750 F STEAM 
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Weight-change data for the consumab le -e l ec t rode -me l t ed alloys w e r e quite con­
sis tent . Smooth curves could be drawn through the cumulat ive weight-change data. 
With one or two except ions, all al loys gained weight. Typical weight change- t ime 
curves for the alloys a r e p resen ted in F i g u r e s 3, 4, and 5. It is obvious f rom the plots 
that unalloyed niobium is not so r e s i s t an t to h igh - t empe ra tu r e wate r as seve ra l of i ts 
a l loys. The co r ros ion curve for Z i rca loy-2 a lso is included in these plots for c o m p a r i ­
son p u r p o s e s . Severa l of the a l loys , notably 12. 6 a /o vanadium, 11. 2 a /o t i t an ium-
3. 2 a /o molybdenum, and 18. 8 a /o t i t an ium-8 . 7 a / o molybdenum, exhibit weight changes 
w^hich a re comparable w^ith those for Z i r ca loy -2 . 

The co r ros ion reac t ion kinet ics can be exp re s sed by the equation: 

W = Kt^ , (1) 

where 

W = total weight gain, mg p e r dm^ 

K = 1-day in te rcept of a log-log plot of weight gain v e r s u s t ime 
(also in mg pe r dm^) 

t = exposure t ime , days 

n = slope of the resu l t ing s t ra igh t l ine on the log- log plot. 

The values obtained for K and n for all of the consumab le - e l ec t rode -me l t ed alloys 
a r e p resen ted in Table 10. The value of n for m o s t of the alloys approached 0. 5 indi­
cating that the cor ros ion ra t e appeared to follow the parabol ic ra te law. The 12. 6 a /o 
vanadium alloy appeared to be the mos t co r ros ion r e s i s t an t of the group studied. It has 
exhibited re la t ively low values for K and n and st i l l p o s s e s s e s an adherent f i lm after 
280 days ' exposure at all t h ree t e s t t e m p e r a t u r e s . The 46. 8 a /o z i r con ium-5 . 1 a /o 
t i tanium alloy and the 18. 8 a /o t i t an ium-8 . 7 a /o molybdenum alloy also appea r s to 
p o s s e s s good co r ros ion r e s i s t a n c e . 

Rocking-Hear th Arc Mel ts . The sc reen ing sdloys p r e p a r e d in the rock ing-hea r th 
a rc furnace were tes ted in 680 F water only. Included in the study w e r e b ina ry al loys 
containing ce r ium, chromium, i ron, nickel , pa l ladium, t i tanium, y t t r ium, or z i rconium 
and t e r n a r y alloys containing vanadium or z i rcon ium plus one of the following: a luminum, 
chromium, i ron, molybdenum, nickel , t i tanium, vanadium, or z i rconium. Total weight 
changes obtained after exposure t imes ranging f rom 56 to 224 days a r e p re sen ted in 
Table 11. The values of K and n descr ib ing the r e a c t i o n - r a t e k ine t ics for these alloys 
[ s e e Equation (1)] a r e s u m m a r i z e d in Table 12. 

At the exposure t imes indicated in Table 11 all alloy spec imens were gaining 
weight at a uniform ra te except the following: 

Unalloyed niobium 1 a / o c e r i u m 
1 to 10 a /o z i rconium 1 to 5 a /o y t t r ium 
3. 2 a /o t i tanium 2. 5 a /o vanadium-2 . 5 a /o nickel or z i rcon ium 
<0. 02 to 0. 5 a /o chromium 10 a /o z i r con ium-5 a /o molybdenum 
<0. 08 to 10 a /o i ron 
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FIGURE 4. CORROSION RESULTS FOR HIGH-PURITY NIOBIUM-BASE Aj^LOYS EXPOSED TO 680 F WATER 
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FIGURE 5. CORROSION RESULTS FOR HIGH-PURITY NIOBIUM-BASE ALLOYS 
EXPOSED TO 750 F , 1500-PSI STEAM 



TABLE 10. RATE CONSTANTS FOR THE CORROSION OF CONSUMABLE-ELECTRODE-MELTED HIGH-PURITY NIOBIUM-BASE ALLOYS 
IN HIGH-TEMPERATURE WATER AND STEAM 

Alloy Addition 

(Balance Niobium), 

a /o 

100 Nb 

12.6 V 

7.2 Mo 

46 .8 Zr -5 .06 Ti 

11. 2 T i - 3 . 2 Mo 

18.8 T i - 8 . 7 Mo 

11.4 V-5 .7 Zr 

9 .4 V-9 .9 Zr 

9.6 T i - 3 . 3 Cr 

Exposure 

T i m e , 
days 

28(b) 

280 

280 

280 

280 

280 

84(b) 

84(b) 

84(b) 

600 F Water 

K(a). 

mg per dm^, 
1 Day 

3.0 

1.6 

1.0 

1.3 

2 .5 

2 .0 

2 .5 

4 . 1 

1.7 

n, 
Dimensionless 

0 .62 

0.58 

0.79 

0.57 

0.54 

0.47 

0.40 

0 .41 

0.60 

Exposure 
T ime , 

days 

4^b) 

280 

112(b) 

280 

280 

280 

196 

140(b) 

196 

680 F Water 

K(a), 

mg per dm 2, 
I D a y 

3 . 1 

2 .5 

6.6 

6 .5 

3 .4 

2 . 2 

13 

21 

11 

n, 
Dimensionless 

0 .34 

0 .63 

0.44 

0.50 

0 .55 

0.60 

0 .22 

0.06 

0.26 

Exposure 
T ime , 

days 

3(b) 

280 

14(b) 

266 

154(b) 

196(b) 

28(b) 

21(b) 

21(b) 

750 F, 1500-PSI Steam 

K(a). 

mg per dm , 
1 Day 

58 

12 

22 

13 

10 

7.6 

20 

25 

15 

n, 
Dimensionless 

0.60 

0.36 

0.46 

0.56 

0 .43 

0.40 

0 .11 

0 .13 

0.09 

t\J 
00 

(a) From the equation W = Kt*̂ , where t = time, days. 

(b) Specimen began to lose weight after exposure time indicated. 
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TABLE 11 . SUMMARY OF CORROSION RESULTS OF ROCKING-HEARTH-MELTED HIGH-PURITY NIOBIUM-BASE ALLOYS 
EXPOSED TO 680 F WATER 

Alloy 

Alloy Content 
(Balance Niobium), 

a /o 
Thetmal-Neutron-Absorption 

Cross Section, barns per atom 

Exposure T ime , 

days 

Total Weight Change, 

mg per dm 

Nl 100 Nb 1,15 224 -531 

N40 
N44 

N56 

100 Nb 
100 Nb 

100 Nb 

N2 1.1 Zr 

N3 

N4 
N5 
N6 

N8 

N9 
NIO 

N i l 
N12 

N13 

N14 
N15 

N48 

N45 
N46 

N47 

N21 

N22 

N23 

N24 

N25 

N26 

N28 

N29 
N30 
N31 

N32 

N34 

N35 

N37 

N38 

N16 

2 .2 Zr 
5Zr(c) 

10.2 Zr 
40 Zr(c) 
65 Zr(c) 

75 Zr(c) 
90 Zr(c) 

3 . 2 T i 
10. 5 Ti 
25.0 Ti(c) 

<0 .02Cr 
0 .5 Cr 
0 .5 Cr 

<0 .08Fe 
0 .3 Fe 

10 Fe('=) 

10.9 Z r - 5 . 1 Ti 

25 Zr -5 Ti('=) 

25 Zr-15 Ti(c) 

25 Zr-25 Ti(c) 

35 Zr-5 Ti(c) 

35 Zr-15 Ti(c) 
45 Zr-5 Ti(c) 

10 Zr-5 Mo('=) 
35 Zr-5 Mo('=) 

45 Zr-5 Mo('=) 

35 Zr-5 Al(< )̂ 
45 Zr-5 Al(c) 

10 Zr-5 Cr('=) 
45 Cr-5 Ct(c) 

10 Zr-5 Fe(c) 

1.6 V 

1.15 
1.15 
1.15 

1.14 

1.13 
1.10 
1.05 
0.76 
0 .52 

0.42 
0.27 

1.30 
1.60 
2.30 

1.15 
1.16 
1.16 

1.15 

1.16 

1.28 

1.24 
1.10 

1.56 

2.04 

1.00 

1.50 

0 .92 

1.13 
0.88 

0 .78 

0.76 

0.67 

1.14 

0 .93 

1.12 

1.18 

224 
84(a) 

196 

140 

196 
196 

196 
196 
196 

196 
196 

224 
224 

224 

224 
224 

196 

196 
112 

28(a) 

224 

224 

224 

224 
224 

224 

224 

224 

224 
224 

196 
196 

196 
196 

196 

224 

-615 

Disintegrated 
-39 

-20,400 (disintegrated 

168 days) 
-1 ,780 
-1 ,450 

-3 
78 

-112 (edge 
cracking) 

128 
142 

-1 ,030 
76 

48 

-387 
-135 

-495 

-182 
-1,180 

-2 ,000 (cracked) 

60 
-22 (edge 

cracking) 

47 

47 

71 
59 

71 

17(b) 

53 

70 

62 

60 

48 

48 

44 

111 
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TABLE 11 . (Continued) 

Alloy 

Alloy Content 
(Balance Niobium), 

a /o 
Thermal-Neutron-Absorption 
Cross Section, barns per atom 

Exposure T i m e , 
days 

Total Weight Change, 
mg per dm^ 

N49 
N50 
N51 
N53 
N54 
N55 
N52 

N17 
N18 

N19 
N20 

2V-2.5Ti 

2V-2.3 Mo 

2.2 V-0.54Fe 

1.8 V-<0.02 Cr 

1.8 V-0.14A1 

2. 5 V-2. 5 Zr('=) 

2.2 V-0.87 Ni 

2.3 Zr-4 V 

25 Zr-5 V(c) 

35 Zr-5 v(c) 

45 Zr-5 V(c) 

N57 

N59 
N60 

N61 
N62 
N63 

N64 

N70 
N68 

N65 

1 Ce(c) 

1 Y ( C ) 

5 Y ( C ) 

1 Ni(c) 
2. 5 Ni('=) 
5 Ni(c) 

1 Pd(c) 

5 V - 2 . 5 Al(c) 

5 V-2 . 5 Cr(c) 

5 V-2 . 5 Ti(c) 

ZircaIoy-2 

1.34 
1.29 
1.24 
1.19 
1.19 
1.22 
1.24 

1.26 
1.10 

1.00 

0.90 

1.13 

1.15 

1.16 

1.18 
1.23 
1.32 

1.21 

1.32 
1.39 

1.49 

0.19 

196 
196 
196 
196 
196 
112 
28(̂ ) 

196 
196 

196 
196 

88 
114 
79 
58 
88 

-243 

-100 

60 
-284 (edge 

cracking) 

-352 (pitted) 

60 

56 

56 

56 

28 
7(a) 
7(a) 

28(a) 

56 
56 

56 

200 

-1,180(a) 

-1 ,020 
-6,420(a) 

4(b) 

Cracked 

Disintegrated 

-834 (split in two) 

58 
60 

51 

66(d) 

(a) Specimens off test. 

(b) Specimens losing weight. 
(c) Nominal composition. 

(d) Reference (5). 
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TABLE 12. RATE CONSTANTS FOR THE CORROSION OF ROCKING-HEARTH ARC-MELTED HIGH-PURITY 

NIOBIUM-BASE ALLOYS EXPOSED TO 680 F WATER 

Alloy 

Alloy Content 
(Balance Niobium), 

a /o 

Exposure T i m e , 

days 

K(a) . 

mg per dm^, 

1 Day 
n, 

Dimensionless 

N l 
N40 
N56 
N44 

N2 
N3 
N4 
N5 
N6 
N8 
N9 
NIO 

N i l 
N12 
N13 

N14 
N15 
N48 

N45 
N46 
N47 

N21 
N22 
N23 
N24 
N25 
N26 
N28 

N29 
N30 
N31 

N32 
N34 

N35 

N37 

N38 

N16 

100 Nb 

100 Nb 

100 Nb 
100 Nb 

1.1 Zr 

2 .2 Zr 
5Zr(d) 

1 0 . 2 Z r 
40 Zr(< )̂ 
65 Zr(d) 
75 Zr(d) 
90 Zr('^) 

3 .2 Ti 

l O . S T i 
25 Ti(d) 

< 0 . 0 2 C t 

0 .5 Cr 
0 .5 Cr 

<0.08 Fe 

0.3 Fe 
10 Fe(d) 

10.9 Z r - 5 . 1 Ti 

25 Zr-5 Ti(d) 
25 Zr-15 Ti(d) 

25 Zr-25 Ti(d) 
35 Zr -5 Ti(d) 

35 Zr-15 Ti(d) 
45 Zr -5 Ti(d) 

10 Zr -5 Mo('^) 
35 Zr-5 Mo('J) 
45 Zr-5 Mo(d) 

35 Zr-5 Al(d) 
45 Zr-5 Al(d) 

10 Zr -5 Cr("^) 
45 Zr-5 Cr 

10 Zr-5 Fe(d) 

1.6 V 

11^^=) 

112(<=) 
112(c) 

3('=) 

3(c) 
3(c) 

28(c) 
56(c) 

196 
112(c) 
196 
196 

4 ^ c ) 

224 

224 

42(c) 
14(c) 
14(c) 

28(c) 
3(c) 
3(c) 

196 
84(c) 

196 

196 

196 

196 

196 

112(c) 

196 

196 

196 

196 

196 

196 

196 

224 

54 
42 
39 

19 
5.5 
6.0 
7 .5 

17 
6 .4 

37 

9. 

37 
27 
28 

36 

9 .5 

21 
12 

5.0 

7 .3 

5.5 

4 . 4 

3.9 
12 

5.2 

15 
4 . 5 

7 .5 

5.6 

8.0 

20 

0.21 
0.30 
0.18(b) 

0 .43 
0.38(b) 

0.49 

0 .53 
0.39 
0.59 

0 .11 
0.40 
0.33 

0.30 
0.32 
0.23 

0.24 

0.36 
0.23(b) 
0.32(b) 

0 .42 

0.42 
0.46 
0.49 

0.44 
0.30 
0.50 

0.26 

0 .53 

0 .41 

0.42 

0 .33 

0.30(b) 
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Alloy 

N49 

N50 
N51 

N53 
N54 

N55 
N52 

N17 
N18 
N19 
N20 

Alloy Content 
(Balance Niobium), 

a /o 

2 V - 2 . 5 T i 

2 V - 2 . 3 Mo 
2 .2 V - 0 . 5 4 F e 

1.8 V - < 0 . 0 2 C r 
1.8 V-0 .14 Al 
2 .5 V - 2 . 5 Z r ( d ) 

2 .2 V-0 .87 Ni 

2 .3 Zr-4 V 
25 Zr-5 V(d) 

35 Zr -5 V(d) 

45 Zr -5 V(d) 

TABLE 12. (Continued) 

Exposure T i m e , 

days 

196 

196 
196 

196 
196 

7(c) 

3(c) 

196 
28(c) 
84(c) 

112 

K(a). 

mg per dm^, 

I D a y 

10,0 

7 .2 
19 

11 
20 
— 
— 

2.8 
18 
14 

3,0 

n . 
Dimensionless 

0 .42 

0 .52 
0.29 
0.34(b) 

0 .28 
--
— 

0.55 

0 .35 

0.38 
0.52(b) 

N57 

N59 

N60 

N61 

N62 

N63 

N64 

N70 
N68 
N65 

1 Ce(d) 

l Y ( d ) 

5Y(d) 

1 Ni(d) 

2 .5Ni(d) 

5 Ni(d) 

1 Pd(d) 

5 V - 2 . 5 Al(d) 

5 V - 2 . 5 Cr(d) 

5 V-2 . 5 Ti(d) 

14(c) 

3(c) 
3(c) 

3(c) 

3(c) 

3(c) 

28(c) 

56 

56 

56 

170 

6 .5 

7.0 

7 .5 

0 .85 

0.53(b) 
0.53(b) 

0.47 

(a) From the equation W = Kt", where t = t ime , days. 
(b) Slope obtained from erratic data . 

(c) Specimen began to lose weight after exposure t ime indicated. 
(d) Nominal composition. 



33 

A b ina ry 65 a /o z i rcon ium alloy and t e r n a r y alloys containing 25 a /o z i rcon ium plus 
5 a / o t i tanium or 5 a /o vanadium also were losing weight, apparent ly at edge c r a c k s . 
The c r a c k s probably w e r e p r e s e n t after fabr icat ion and were not en t i re ly removed during 
sample p repa ra t ion . P i t t ing was observed on a 35 a /o z i r con ium-5 a /o vanadium alloy. 

One set of the a r c - m e l t e d , unalloyed control samples (N44 in Table 10) p r o c e s s e d 
with these alloys began to flcike and lose weight rapidly after 7 d a y s ' exposure in much 
the same fashion as the unalloyed c o m m e r c i a l - p u r i t y niobium specimen. One of the 
spec imens •was complete ly oxidized after 84 d a y s ' exposure . The other t h ree se ts of 
unalloyed control samples (Nl , N40, and N56 in Table 11) showed lower weight gains 
after 84 d a y s ' exposure . The var iance among these data sugges ts that the in te r s t i t i a l 
content of niobium m a y have a profound effect on i ts wate r c o r r o s i o n r e s i s t a n c e . It 
would appear , for example , f rom the weight-gain data that the in te r s t i t i a l content of the 
N44 m a t e r i a l had been r a i s e d to the leve l of that for c o m m e r c i a l - p u r i t y niobium as a r e ­
sult of contaminat ion during mel t ing and fabr icat ion. Hardness m e a s u r e m e n t s (see 
Table 3) on each of the unalloyed h igh-pur i ty samples indicated that only minor differ­
ences exis ted in the total i n t e r s t i t i a l content of all four of these control s amp le s . The 
wide va r i ance in co r ros ion r a t e s sugges t s , t he re fo re , that one or m o r e of the contami­
nants has a g r e a t e r de t r imen ta l effect on the co r ro s ion r e s i s t a n c e of niobium than the 
o the r s . 

While the h igh-pur i ty unalloyed niobium exhibits longer co r ro s ion life than does 
c o m m e r c i a l - p u r i t y m a t e r i a l , t he re appears to be l i t t le effect of pur i ty of the base me ta l 
on the c o r r o s i o n behavior of niobium al loys . Compar i son of the r e su l t s obtained in 
680 F wate r for al loys of s imi l a r composi t ion p r e p a r e d f rom the two mel t ing stocks r e ­
veals no significant difference in weight change (see Tables 8, 9, and 11). 

Select ive Attack 

Visual examinat ion revea led that s eve r a l of the niobium alloys failed pr> l a t u r e l y 
from cracking or other fo rms of se lect ive at tack during co r ros ion . The m i c r o s t r u c t u r e 
of two of the spec imens was examined to gain an insight into the mode of fa i lure . These 
spec imens were c o m m e r c i a l - p u r i t y unalloyed niobium and a 7. 2 a /o molybdenum alloy. 
Cor ros ion r e su l t s for these alloys were p r e sen t ed in Tables 8 and 9, respec t ive ly . 

The appearance of the m i c r o s t r u c t u r e s of these spec imens is shown in F igu re 6. 
The unalloyed niobium had been exposed 28 days to 680 F wate r . A companion spec imen 
in the same tes t was completely oxidized after 42 d a y s ' exposure . L a m i n a r - t y p e at tack 
is evident f rom the oxide pa t t e rn in the s t r u c t u r e of the unalloyed niobium. Attack 
apparent ly occu r r ed e i ther at g ra in boundar ies , which w e r e elongated dur ing rol l ing, or 
m o r e probably at cold shuts introduced during cold reduct ion. The complete oxidation of 
the companion spec imen probably o c c u r r e d when the se lect ive at tack p r o g r e s s e d to such 
an extent that the spec imen was reduced to snaall me ta l p a r t i c l e s . The p a r t i c l e s , in 
turn, we re complete ly oxidized because of the i r l a r g e su r face - to -vo lume ra t io . 

The 7. 2 a /o molybdenum alloy c racked after 70 d a y s ' exposure to 750 F s t eam. A 
duplicate spec imen c racked after 224 d a y s ' exposure to 680 F wa te r . The cracking was 
found to be t r a n s g r a n u l a r in na tu re . The r ea sons for the cracking a r e not yet apparen t . 
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lOOOX N57992 

a. Unalloyed Commercial-Purity Niobium Exposed 
28 Days to 680 F Water 

u 
lOOX 

b. Niobium-7. 2 a/o Molybdenum Exposed 
70 Days to 750 F Ste^m 

N62684 

FIGURE 6. SELECTIVE ATTACK IN NIOBIUM SAMPLES EXPOSED TO HIGH-TEMPERATURE WATER AND STEAM 

Note lamellar separation in unalloyed niobium and ttansgranular cracking in alloy. 
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Oxygen Contamination 

Samples of each c o m m e r c i a l - p u r i t y n iob ium-base alloy were withdrawn for 
meta l lographic evaluation after 42- and 196-day exposures to 680 F wate r and the i r 
ox ide-sca le th icknesses were m e a s u r e d where these could be re ta ined in polishing. F o r 
se lected a l loys , Knoop-hardness t r a v e r s e s were obtained and used to calculate the depth 
of contamination hardening . On the assumpt ion that th is hardening was due en t i re ly to 
oxygen absorbed f rom the w a t e r - c o r r o s i o n reac t ion , the contaminat ion coefficients for 
oxygen in the al loys were calculated*. In alloys where no reac t ion occu r s w^ith the 
diffusing oxygen, i. e. , in unalloyed niobium and in al loys with molybdenum, tungsten, 
and vanadium, the contamination r a t e s equal the oxygen-diffusion r a t e s . Table 13 
s u m m a r i z e s the r e su l t s obtained. 

The oxide sca les on the cor roded alloys were genera l ly found to i n c r e a s e in thick­
ness and poros i ty with inc reas ing co r ro s ion r a t e s . The range of scale th icknesses 
ranged f rom l e s s than 0. 1 mi l for the m o s t c o r r o s i o n - r e s i s t a n t al loys (niobium-45. 7 a / o 
z i rconium and n iob ium-28 . 2 a /o t i t an ium-6 , 1 a /o chromium) to about 0, 8 mi l for the 
l eas t c o r r o s i o n - r e s i s t a n t alloy (niobium-4, 7 a /o tungsten) remain ing on t e s t after 196 
days . It should be noted, however , that this tungsten alloy was losing weight rapidly 
near the end of the co r ro s ion t e s t per iod . Hence, i ts t rue scale th ickness was probably 
much g r e a t e r than 0, 8 mi l . 

The calculated contamination coefficient for oxygen in unalloyed niobium in 680 F 
water was found to be 2, 7 x 10" l^ cm^ p e r sec . This value is in good ag reemen t w^ith a 
value of 4. 5 X 10" 12 cm^ pe r sec obtained by extrapolat ion of the diffusion data of Ang(°) 
to this t e m p e r a t u r e . The effect of alloying additions on the contaminat ion ra t e of oxygen 
in niobium is m o r e c l ea r ly shown by re fe rence to F i g u r e 7. As shown, addit ions of 
t i tanium, vanadium, and z i rconium reduce the contaminat ion ra t e of oxygen in niobium 
significantly. Both t i tanium and z i rconium reduce the r a t e s by a factor of about 40. 
This co r r e sponds to about a sixfold reduct ion in the depth of contamination. Vanadium, 
molybdenum, and tungsten addi t ions, in that o r d e r , have inc reas ing ly l e s s effect on r e ­
ducing the depth of contamination. It is noted, however , that even the l ea s t c o r r o s i o n -
r e s i s t an t alloys were contaminated to a depth of only about 5 m i l s after 196 days ' 
exposure . 

Micrographs of s ca l e - ine t a l in te r faces on seve ra l co r roded niobium alloys a r e 
shown in F i g u r e 8. The d e c r e a s e in th ickness and poros i ty of the sca le is apparent as 
the co r ros ion r e s i s t a n c e changes f rom poor (niobium-4. 7 a /o tungsten) to excellent 
(niobium-45. 7 a /o z i rconium) . 

Hydrogen Absorpt ion 

It is known that z i rcon ium alloys abso rb hydrogen during co r ro s ion in high-
t e m p e r a t u r e wa te r . A s i m i l a r effect might be expected with niobium since it a lso is an 
excellent ge t ter for reac t ive g a s e s . Accordingly, hydrogen ana lyses were obtained on 
unalloyed niobium and seve ra l al loys after exposures ranging up to 252 days for the t h r e e 
tes t condit ions. These data a r e p r e sen t ed in Table 14. 

•The techniques used for calculating diffusion coefficients of oxygen in niobium from hardness data were described in 
Reference (3). 



TABLE 13. METALLOGRAPHIC DATA ON COMMERCIAL-PURITY NIOBIUM-BASE ALLOYS EXPOSED TO 680 F WATER 

Alloy 

__ 
150 

147 
149 

158 

151 
154 

163 

164 

165 

169 

138 
139 
140 

141 

142 
144 

146 

177 
172 
174 

180 

Alloy Content 

(Balance Niobium), 

a /o 

100 Nb 
4 . 4 V 

6.6 V 

10.7 V 
13.7 V 

24.2 V 
7.4 Mo 

1.1 W 

4. 7 W 

9.6 W 
4 . 9 F e 
10.5 Zr 

2 6 . 1 Zr 

35 .7 Zr 

4 5 . 7 Zr 
9 .4 Ti 
24. 3 Ti 

33. 8 Ti 
28 .2 T i - 6 . 1 Cr 

1 2 T 1 - 4 . 2 Mo 

2 3 . 1 T i - 7 . 8 Mo 

22 .6 T i - l l V 

Exposure 

Time, 

days 

28 

42 
42 

42 
42 

42 
42 
42 

42 

7 
42 
42 

42 

42 

42 

42 
42 

42 

42 

42 

42 
42 

7 to 42 

Thickness 
of Adhering 

Scale, mils 

0 .3 

(c) 

(c) 
0 . 1 

(c) 

(c) 
(c) 
0.15 

0 . 1 - 0 . 2 

0.6 
0 .1 

0.02 

(c) 
0 1 

0 . 0 2 - 0 . 0 3 
0 . 1 - 0 . 3 

(c) 
0.05 

(c) 

(c) 

(c) 
(c) 

Days of Exposure 

Diffusion 
Coefficient 

of Oxygen(a), 

cm^ per sec 

2 7 X 10-12 

--
--
--

1 . 3 x 10-12 

1 . 3 x 10-12 

--
--

2 X 10-12 

— 
--
--
--

6 .1X 10-13 

<5 X 10-13 

--
<5 X 10-13 
<5 X 10-13 

--
— 

Depth of 
Contamination 
Hardening(b), 

mils 

2 .4 

— 
--
--
3.2 

2 ,4 

— 
--
1.6 

— 
--
--
--
0.8 

<0.4 

--
<0.4 

<0.4 

--
--

Thickness 
of Adhering 

Scale, mils 

- . 
— 

0.2 

— 
--

0.2 

0.5 

— 
0.8 

--
— 

0.2 

--
--

0.05 
0.2 

0 .1 

0.07 

--
0.13 

0 .1 

196 Days of Exposure 

Diffusion 

Coefficient 
of Oxygen(a), 

cm2 per sec 

-_ 
5 x 10-13 

--
2 x 10-13 

I x 10-12 

l . l x 10-12 

1.6 X 10-12 

--
--
--
--

7 X 1 0 - 1 * 
3 X 1 0 - 1 * 

--
7 x 1 0 - 1 * 
7 X 1 0 - 1 * 

5 X 1 0 - 1 * 

--
5 X 1 0 - 1 * 

--
5 X 1 0 - 1 * 

--

Depth of 

Contamination 
Hardening(b), 

mils 

__ 
2 .8 
--
1.6 

- 4 
<4 

<4 

--
--
--
--
1.6 

0.8 

--
1.2 

1.6 
0 .8 

--
1,2 

--
0.8 

— 

w 
o 

(a) Calculated from hardness-traverse data. 

(b) Distance from surface where hardness returns to within 10 KHN of base hardness. 
(c) Scale thickness not estimated due to poor preservation of sample edges. 



37 

io-i 

o 
(A 

Oi 

a. 
Cvj 

E 
o 

o 
O 
c 
o 
o 

E 
o 
c 
o o 

10' ,H2 

10'' 

10' 14 

- A M o ^ -

i ^ 
l\ 
l\ w l̂ -

\ 

\ 1 

•-•̂ w 

V 

k̂  KT 
\ 

/ 
X V 

/ 

/ 
r 

fl—T 
; / 

7r 

^ ' ^ 
X 

10 20 30 

Alloy Addition, a/o 

40 50 
AEA33676 

FIGURE 7. E F F E C T S OF ALLOYING ON THE CONTAMINATION RATE OF 
NIOBIUM EXPOSED TO 680 F WATER FOR 196 DAYS 
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t»i f 
•i 

0 %f 

1500X N61536 

a. Niobium-4. 7 a /o Tungsten 

1500X N61539 

b . Niobium-10. 5 a /o Zirconium 

1500X N61534 

c. Niobium-6.6 a /o Vanadium 

1500X N61538 

d. Niobium-33. 8 a /o Titanium 

1500X N61540 

e. Niobium-45.7 a /o Zirconium 

FIGURE 8. MICROSTRUCTURES OF CORRODED NIOBIUM ALLOYS 

All alloys were exposed 196 days to 680 F water. 

A is backup material ; B is scale; C is subscale; 

D is unaffected base. 
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TABLE 14. HYDROGEN ANALYSES OF ALLOYS AFTER VARIOUS EXPOSURES TO HOT WATER AND STEAM 

Alloy 

--

--

N44 

Alloy Content 
(Balance Niobium), 

a /o 

100 Nb 

100 Nb^''^ 

100 Nb 

Type of 
Niobium 
Base(a) 

C.P. 
C.P. 

H.P. 

H.P. 
H.P 

H.P. 
H.P. 

Corrosion--Test Conditions 

Temperature, 
F 

600 

680 

600 

680 
750 
750 
680 

Time, 
days 

252 

28 
252 

224 

168 
224 

84 

Weight Change 

During Water 
Exposure, 

mg per dm2 

-3740 

-5210 
64(c) 

-982 
-5280 

-5400 
-2030 

Hydrogen Content 
Before 

Corrosion, 
ppm 

<2 

<2 

3 
3 

3 

3 

--

PPM 

224 

590 

11 
62 

211 

225 
944 

After 

Corrosion 
Mg per Dm2 

4 , 4 

5 .9 

1,2 

6 .8 
21.6 

23.2 

29.7 

150 

147 
148 
149 
NL-2 

158 
151 

138 

141 

163 
164 

NL-3 
154 

169 

N47 

142 

177 

N52 

4 . 4 V 

6.6 V 
8.9 V 
10.7 V 
12.6 V 

13.7 V 
24.2 V 

10.5 Zr 

45 .7 Zr 

1.1 W 
4. 7 W 

7.2 Mo 
7.4 Mo 

4 . 9 F e 

10 Fe 

9 . 4 T 1 

28.2 T i - 6 . 1 Cr 

2 .2 V-0 .87 Nl 

C.P . 

C .P . 

C.P. 
C.P. 

H.P. 
H.P . 

H.P. 

C .P . 
C .P . 

C .P . 
C .P . 

C .P . 
C .P . 

H.P. 
C.P. 

C .P . 

H.P. 

C .P . 

C.P. 

H.P 

680 
680 

680 
680 
600 
680 
750 

680 

680 

680 
680 

680 
680 

680 
680 

750 

680 

680 

680 

680 

680 

196 

196 

196 
196 
252 

224 
224 

196 
196 

196 
42 

196 
196 

224 

196 

84 

28 

196 

42 

196 

56 

42 

73 

59 
78 
45 

61 
84 

50 
0 

67 
16 

-260 
-2930 

-96 
62 

-283 
-760 

65 

10 
20 

-738 

--
--
--
--
7 

7 
7 

--
--

. . 
35 

__ 
--

19 

--

--
--

--

__ 
--
--

5 

18 
6 

30 
5 

31 
44 

8 
5 

18 

61 

34 

140 

422 

38 

388 

511 

24 

33 

29 
1660 

0,18 

0,67 
0.24 

1,1 
0.22 

1,3 
1.9 

0,37 
0,18 

0,48 
2 ,2 

1.4 
5.5 

8.5 
1.5 

13.5 

13.5 

0.86 

1.4 

1.2 
3 2 . 1 

(a) C P designates commercial-purity niobium base, H. P. designates high-purity niobium base. 
(b) Tested in as-received electron-beam-melted condition. 
(c) Losing weight, maximum gain was 24. 8 mg per dm2 at 28 days. 
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Analyses of the unalloyed niobium revea led hydrogen contents ranging f rom 11 to 
944 ppm. In genera l , hydrogen content i nc r ea sed with inc reas ing co r ro s ion at tack, thus 
indicating that the source of the hydrogen was the co r ros ion reac t ion . On this a s s u m p ­
tion, the hydrogen contents were reca lcu la ted on the b a s i s of amount absorbed pe r unit 
of surface a r e a . The resul t ing values ranged between 1, 2 and 29, 7 mg p e r dm^ and again 
indicated that hydrogen absorpt ion i nc rea sed with inc reas ing co r ros ion . 

In some ins tances , hydrogen ana lyses were not obtained p r i o r to co r ros ion tes t ing 
because sample m a t e r i a l s were l imi ted . The m a x i m u m content found in any spec imen 
before co r ros ion was 35 ppm. Since all spec imens w e r e vacutom annealed p r i o r to co r ­
rosion tes t ing, it appea r s probable that none of the alloys contained m o r e than 35 ppm 
hydrogen. Thus it is apparent f rom Table 14 that hydrogen absorpt ion in the vanadium 
alloys was quite low. Hydrogen pickup in the z i rcon ium and t i tanium b ina r i e s and the 
28 a /o t i tan ium-6 a /o ch romium t e r n a r y a lso was low, while that in the i ron, molyb­
denum, and tungsten alloy was modera t e ly high and that in the 2. 2 a / o vanadium-0 . 87 
a /o nickel alloy was ve ry high. In all ins tances , high hydrogen absorpt ion could be 
co r r e l a t ed with poor co r ros ion r e s i s t a n c e . 

Cor re la t ion of C o r r o s i o n - T e s t Resul t s 

F o r purposes of d i scuss ion , the 680 F wate r co r ro s ion behavior of all of the alloys 
tes ted is suniniar ized in Table 15 and compared with the behavior of the m o s t - c o r r o s i o n -
r e s i s t an t unalloyed niobium sample and with Z i r ca loy -2 , after comparable exposure 
pe r iods . Table 16 contains a s imi l a r compar i son for the alloys tes ted in 750 F s t eam. 

As is apparent f rom Table 15, the weight changes for six unalloyed niobium 
samples in 680 F wate r va r i ed considerably . Highest co r ro s ion r a t e s were obse rved 
for the c o m m e r c i a l - p u r i t y niobium which d i s in tegra ted in 42 days . While lower r a t e s 
w^ere obtained for the higher pur i ty s amp le s , the va r i ance -was st i l l g rea t . These values 
ranged from dis in tegra t ion cifter 84 days , for the " w o r s t " s amp le s , to weight l o s s e s of 
39 mg per dm^ after 196 days for the "bes t" s amp le s . 

No significant effects of b a s e - m e t a l pur i ty w e r e observed on the co r ro s ion behavior 
of the al loys. This is apparent by compar i son of the data in Table 15 for b inary a l loys , 
made with both b a s e s , containing about 10 a / o z i rconium, 10 a /o t i tanium, 13 a / o vana­
dium, and 7 a /o molybdenum, as well as for s eve ra l t e r n a r y t i taxiium-molybdenum 
al loys . 

Of the b inary-a l loy additions studied, t i tanium, vanadium, and z i rcon ium were out­
standing in improving the co r ro s ion r e s i s t a n c e of niobium. The mos t effective concen­
t ra t ion range for z i rconium appea r s to extend f rom about 10. 5 through 45. 7 a / o . F o r 
t i tanium and vanadium, the co r ros ion r e s i s t a n c e continues to improve with t i tanium addi­
tions over the range of 9. 4 through 33, 8 a /o and with vanadium additions of 4, 4 through 
24,2 a /o . 

In 680 F wate r , mos t of the b inary t i tanium, vanadium, and z i rcon ium al loys , i . 
the above-defined r anges , show weight changes which a re comparab le with or lower than 
those for Z i rca loy-2 . In 750 F s t eam, the 9, 4 a /o t i tan ium and 6, 6, 8, 9, and 12. 6 a /o 
vanadium alloys were the only b inary alloys of those tes ted which showed improved c o r r o ­
sion behavior over Z i rca loy -2 . These data, as well as the compara t ive 680 F weight-
change data of Table 15, indicate that t i tanium and vanadium a r e m o r e effective in i m -
l^roving the cor ros ion r e s i s t ance of niobium than zirconixim. 
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The data of Table 15 fur ther indicate that b ina ry additions of c e r i um, chromium, 
i ron, molybdenum, nickel , pa l ladium, tvmgsten, or y t t r ium, over the range of 1 to 5 a / o , 
e i ther have no significant beneficial effect on co r ros ion r e s i s t a n c e or actual ly d e c r e a s e 
it. F o r example , these alloys a r e c h a r a c t e r i z e d e i ther by weight l o s s e s of s i m i l a r or 
g r e a t e r magnitude than those obtained with unalloyed niobium or by cracking or d i s in te ­
grat ion. However, the favorable r e su l t s obtained with the 7. 4 a /o molybdenum alloy 
(Alloy 154 in Table 15) indicate that some of these e lements m a y have beneficial effects 
at higher concentra t ion l eve l s than those invest igated h e r e . 

All of the t e r n a r y alloys p r e p a r e d included e i ther t i tanium, vanadium, or z i rcon ium 
addit ions. As ment ioned above, these e lements w e r e the mos t effective b ina ry additions 
in improving the co r ros ion r e s i s t a n c e of niobium. Consequently, it is not su rp r i s ing to 
find that m o s t of the t e r n a r y alloys based on these m e t a l s a lso show excellent co r ro s ion 
r e s i s t a n c e . 

The lowest weight gains were m o s t consis tent ly found for those t e r n a r y alloys con­
taining 10 a /o or m o r e of t i tanium or z i rcon ium. The effect of the other t e r n a r y addi­
tions to these alloys is not c l ea r since the p r e s e n c e of e i ther t i tanium or z i rconium alone 
(in these concentrat ions) is apparent ly sufficient to give comparab ly low weight changes . 
On the other hand, t e r n a r y combinat ions of vanadium and z i rconium appear no m o r e 
effective than b inary additions of e i ther e lement alone, and a r e probably l e s s effective 
than b ina ry additions of vanadium alone. S imi la r ly , the 750 F steaxn data suggest that 
the t e r n a r y addition of molybdenum to a 10 a /o t i tanium b ina ry alloy m a y have a 
de t r imenta l effect. 

On th is b a s i s , it would appear that no significant improvement s in the co r ro s ion 
behavior of b ina ry t i tanium, vanadium, or z i rcon ium alloys a r e obtained through t e r n a r y 
additions of a luminum, ch romium, i ron , molybdenum, or nickel . However, weight-
change data alone a r e not the only impor tan t c r i t e r i a in w a t e r - c o r r o s i o n r e s i s t a n c e . 
The c h a r a c t e r of the co r ros ion film formed is a l so of cons iderab le impor tance . Thus , 
it is impor tan t to recognize that , of all the niobium alloys t e s ted in 680 F wate r , only 
the 28. 2 a /o t i t an ium-6 . 1 a /o ch romium t e r n a r y alloy and the b ina ry and t e r n a r y z i r c o ­
nium alloys containing 45 a / o z i rcon ium showed adherent t a r n i s h f i lms . Those on the 
f o r m e r were i r idescen t while those on the l a t t e r w e r e of the type obtained on Z i r ca loy -2 . 

B ina ry t i tanium alloys with t i tanium contents in the range of this t e r n a r y - a l l o y 
composit ion w e r e also fa i r ly co r ro s ion r e s i s t an t , but did not exhibit the i r idescen t t a r ­
nish film. The same qualification holds for the t i t an ium-ch romium alloys of lower 
t i tanium and chromium content. It would thus appear that the combination of l a rge 
amounts of t i tanium and chromium is n e c e s s a r y to obtain the i r idescen t fi lm. Thus , 
t e r n a r y modificat ions of b ina ry z i rconium, t i tanium, or vanadium alloys may have a 
cons iderably inciportant effect. As will be d i scussed shor t ly , these modificat ions can 
mos t l ikely be expected to occur at high a l loy-concent ra t ion leve ls through modificat ions 
in the c h a r a c t e r of the surface oxide f i lm. 

The slight powdery c h a r a c t e r of the co r ro s ion fi lm which fo rmed on the other 
alloys which showed low weight changes m a y be a fo reseeab le d e t e r r e n t to the i r use as 
cladding ma te r i cds . It is well known that s t a in less s tee l s a lso exhibit t a rn i sh f i lms with 
a thin powdery l aye r during co r ro s ion in s ta t ic h i g h - t e m p e r a t u r e wa te r . In the p r e s e n c e 
of flowing wa te r , at ve loci t ies up to 30 fps, the co r ro s ion r a t e is i n c r e a s e d severalfold. 
A m o r e se r ious consequence of flow is that the s ta in less s tee l co r ro s ion product 
(pr incipal ly Fe304) i s t r a n s p o r t e d by the coolant wate r and can become radioact ive when 



42 

TABLE 15. COMPARATIVE CORROSION RESISTANCE 

Alloy 

--
N44 
N40 

N l 
TP-37 
N56 

N2 

N3 
N4 

N5 

138 

139 
140 

N6 
141 

N8 
N9 
NIO 

N i l 
142 

N12 

143 
144 

N13 
145 

146 

N16 
150 

147 
148 

149 
NL-2 

158 
151 

163 
164 
165 

152 

153 
NL-3 
154 

N14 

N15 

N48 

Alloy Content 

(Balance Niobium), 

a /o 

100 Nb 
100 Nb 
100 Nb 

100 Nb 

100 Nb 
100 Nb 

1.1 Zr 
2 . 2 Z r 
5Z i (c ) 

10. 2 Z r 
10. 5 Zr 

2 6 . 1 Zr 
35. 7 Zr 
40 Zi(c) 

45. 7 Zt 
65 Zr(c) 

75 Zr(c) 

90 Zr(c) 

3 .2 Ti 
9. 4 T i 

10. 5 Ti 

18. 8 Ti 
24. 3 Ti 
25 Ti(c) 

30. 5 Ti 

33. 8 Ti 

1.6 V 
4 . 4 V 
6.6 V 

8.9 V 

10.7 V 
12.6 V 

13.7 V 
24 .2 V 

1. 1 W 
4. 7 W 
9. 6 W 

2. 45 Mo 

5. 2 Mo 
7.2 Mo 

7. 4 Mo 

< 0 . 0 2 C r 
0. 5 C r 

0. 5 C l 

Thermal-Neutron 

Absorption 
Cross Section, 

barns per atom 

1.15 
1.15 
1.15 

1.15 

1.15 
1.15 

1.14 
1.13 
1.10 

1.05 

1.05 
0.90 

0 .81 
0 .76 

0 .71 
0.52 

0.42 

0.27 

1.30 
1.58 
1.60 

2 .02 

2 .26 
2.30 

2.58 
2 .72 

1.18 
1.30 
1.38 

1.48 

1.54 

1.61 

1.65 
2 .06 

1.3 
2 .0 
2 .8 

1.18 
1.21 

1.25 

1.26 

1.15 
1.16 

1.16 

Type of 

Niobium 
Base(a) 

C.P. 
H.P. 
H.P. 

H.P. 
H.P. 
H.P. 

H.P. 
H.P. 

H.P. 
H.P. 

C.P. 

C.P. 
C.P. 

H.P. 
C .P . 

H.P. 

H.P. 

H.P. 

H.P. 
C.P. 

H.P. 
C.P. 

C.P. 

H.P. 
C.P. 

C.P. 

H.P. 
C.P. 

C.P. 
C.P. 

C.P. 

H.P. 
C.P. 

C.P. 

C .P . 
C.P. 
C.P. 

C.P. 

C.P. 
H.P. 

C.P. 

H.P. 

H.P. 

H.P. 

Exposure T ime , 

days 

42 
84 

196 
196 

196 
196 

140 
196 

196 

196 
196 

196 
196 
196 

196 

196 

196 
196 

196 
196 
196 

196 
196 
196 

196 

196 

196 

196 
196 

196 

196 

196 
196 
196 

196 
196 

7 

196 

196 
196 

196 

196 

196 

196 

Weight Change, 

mg per dm 

Disintegrated 
Disintegrated 

-625 
-510 

-61 
-39 

-20,400 

-1,780 

-1,450 

-3 
67 

7 
66 

78 
55 

-112 

128 
142 

-796 
65 
76 

48 

52 

45 
40 

33 

107 
42 

73 
59 

78 

58 
50 

0 

-260 

-2930 
Cracked 

-710 

-130 
0(d) 

62 

-328 
-80 

-495 
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OF NIOBIUM ALLOYS IN 680 F WATER 

Corrosion Resistance 

Compared With 
"Best" 100 Nb(b) 

Compared With ZircaIoy-2 
Higher Weight Change Equivalent, 

>20 Per Cent 10 to 20 Per Cent ±10 per cent 
Lower Weight Change 

10 to 20 Per Cent >20 Per Cent 

X 
X 
X 
X 
X 
X 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

X 
X 
X 
X 

X 
X 
X 

X 

X 
X 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

X 
X 
X 
X 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

X 

X 
X 
X 

X 
X 
X 

+ 
+ 

X 
X 
X 

X 
X 
X 
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TABLE 15. 

Alloy 

N45 

N46 
169 
N47 

N61 
N62 

N63 

Alloy Content 

(Balance Niobium), 
a /o 

< 0 . 0 8 F e 
0 . 3 F e 
4. 9 F e 
10 Fe(c) 

1 Ni(c) 

2. 5 Ni(c) 
5 Ni(c) 

Thermal-Neutron 

Absorption 
Cross Section, 

barns per atom 

1.15 

1.16 
1.22 
1.28 

1.18 
1.23 
1.32 

Type of 

Niobium 
Base(a) 

H.P. 

H.P. 

C . P . 
H.P. 

H.P. 
H,P. 

H.P. 

Exposure T ime , 
days 

196 
112 

196 

28 

28 
7 
7 

Weight Change, 
mg per dm2 

-182 

-1180 
10 

-2000 

4(d) 

Cracked 

Disintegrated 

N64 

N59 

N60 

N57 

1 Pd(c) 

1Y(C) 

5Y(C) 

1 Ge(c) 

1.21 

15 

16 

1.13 

H.P. 

H.P. 

H.P. 

H.P. 

28 

56 

56 

56 

-834 

-1020 

-6420 

-1180 

NL-10 

175 

176 
177 

NL-7 
172 

173 

NL-6 
174 

N49 

178 

179 
180 

N17 
NL-9 

NL-8 
N18 

N19 
N20 

N21 

N22 
N23 
N24 

N25 

N26 
N28 
NL-4 

N29 

N30 
N31 

9. 6 T 1 - 3 . 3 Cr 

12 T i -0 . 5 C r 
20 .2 T i - 2 . 1 Cr 

28.2 T i -6 . I C r 

11.2 T i - 3 . 2 Mo 
12 T i - 4 . 2 Mo 

1 7 . 4 T 1 - 6 . 2 Mo 
18.8 T i - 8 . 7 Mo 
23. 1 T i - 7 . 8 Mo 

2 V - 2 . 5 T i 

5 V - 1 0 . 4 T 1 

8. 4 V - 1 6 . 1 Ti 
11 V-22. 6 T 1 

2. 3 Z r - 4 V 
5.7 Z r - 1 1 . 4 V 
9. 9 Zr -9 . 4 V 
25 Z r - 5 V(c) 
3 5 Z r - 5 V(c) 

45 Zr -5 V(c) 

10. 9 Z r -5 . 1 Ti 
25 Z t - 5 Ti(c) 
25 Zr-15 Ti(c) 

25 Zr -25 Ti(c) 
35 Z r - 5 Ti(c) 

35 Zr-15 Ti(c) 
4 5 Z r - 5 T i ( c ) 

46. 8 Z r -5 . 1 Ti 

10 Z r - 5 Mo(c) 

35 Z r - 5 Mo('=) 
45 Z r - 5 Mo(c) 

1.75 

1.72 

2.12 

2.56 

1.72 

1.78 

2.06 

2.15 

2.35 

1.34 

1. 57 

1.80 

2.05 

1.26 

1.50 

1.39 

1.10 

1.00 

0.90 

1.24 

1.10 

1.56 

2.04 

1.00 

1.50 

0.92 

0.92 

1.13 

0.88 

0.78 

H. P. 

C.P. 

C.P. 

C.P. 

H.P. 

C.P. 

C.P. 

H,P. 

C.P. 

H.P. 

C.P. 

C.P. 

C.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 

196 
196 
196 

51 
66 
39 
20 

55 
64 
54 
53 
45 

56 
40 
48 

60 
23(d) 
44(d) 

-284 

-352 

60 

61 
-44 
48 
48 
71 
37 
71 
92 

18(d) 

53 
70 
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(Continued) 

Corrosion Resistance 

Compared With 
"Best" 100 Nb(b) 

Compared With Zircaloy-2 
Higher Weight Change Equivalent, 

>20 Per Cent 10 to 20 Per Cent ±10 per cent 
Lower Weight Change 

10 to 20 Per Cent >20 Per Cent 

X 
X 

X 
X 
X 

X 
X 

+ 
+ 
+ 
+ 

X 
X 

+ 
+ 
+ 
+ 
+ 

X 
X 

+ 
+ 
+ 
+ 

X 

X 
X 

+ 
+ 
+ 

X 
X 
X 
X 

X 

X 

+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 

X 

X 

X 

X 

X 
X 
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TABLE 15. 

Alloy 

N32 
N34 

N35 

N37 

N38 

N50 

N51 
N53 
N54 

Alloy Content 

(Balance Niobium), 

a /o 

35 Z r - 5 Al(c) 
45 Z r - 5 Al(c) 

10 Zr -5 Cr(c) 

45 Zr -5 Cr(c) 

10 Z r - 5 Fe(c) 

2 V-2. 3 Mo 
2. 2 V-0 . 5 4 F e 
1. 8 V-<0. 02 Cr 

1.8 V-0 . 14 Al 

Zircaloy-2 

Thermal-Neutron 
Absorption 

Cross Section, 

barns per atom 

0.76 

0. 67 

1.14 

0.93 

1.12 

1.29 
1.24 
1.19 

1.19 

0.19 

Type of 
Niobium 
Base(a) 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 
H.P. 
H.P. 

H.P. 

— 

Exposme Time , 
days 

196 

196 

196 

196 

196 

196 
196 
196 

196 

196 

Weight Change, 
mg per dm2 

62 
60 

48 

48 

44 

114 
79 
58 

88 

65 

(a) C. P. designates commercial purity, H. P. designates high purity. 
(b) Corrosion resistance, in terms of relative weight change to Sample N56; 

nates lower weight change. 
(c) Nominal composition. 
(d) Losing weight. 

designates greater weight change; "+" desig-
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(Continued) 

Corrosion Resistance 

Compared With 
"Best" 100 Nb('') 

Compared With Zircaloy-2 
Higher Weight Change Equivalent, 

>20 Per Cent 10 to 20 Per Cent ±10 per cent 
Lower Weight Change 

10 to 20 Per Cent >20 Per Cent 

+ X 
+ X 

+ X 
+ X 

+ X 
+ X 
+ 
+ X 



TABLE 16. COMPARATIVE CORROSION RESISTANCE OF NIOBIUM ALLOYS IN 750 F STEAM 

Alloy 

- -

TP-37 

138 

142 

150 

147 
148 

NL-2 

152 
153 

NL-3 

169 

163 

NL-10 

NL-7 

NL-6 

NL-9 
NL-8 

NL-4 

- -

Alloy Content 

(Balance Niobium), 

a /o 

100 Nb 
100 Nb 

10. 5 Zr 

9. 4 T i 

4 . 4 V 
6.6 V 
8.9 V 

12.6 V 

2. 45 Mo 
5. 2 Mo 

7. 2 Mo 

4. 9 F e 

1.1 W 

9. 6 T i - 3 . ; 

11. 2 T i - 3 . 

18. 8 T i - 8 . 

5. 7 Z r - 1 1 . 
9. 9 Z r - 9 . • 

46. 8 Zr -5 , 

Zircaloy-5 

3Cr 

.2 Mo 

,7 Mo 

, 4 V 
i V 

, I T i 

) 

Thermal-Neutron-

Absorption 
Cross Section, 

barns per atom 

1.15 
1.15 

1.05 

1.58 

1.30 
1.38 

1.48 

1.61 

1.18 
1.21 

1.25 

1.22 

1.3 

1.75 

1.72 

2 . 1 5 

1.50 
1.39 

0.92 

0. 19 

Type of 

Niobium 
Base(a) 

C.P. 
H.P. 

C.P. 

C.P. 

C.P. 
C.P. 
C.P. 

H.P. 

C.P. 
C.P. 

H.P. 

C.P. 

C.P. 

H.P. 

H.P. 

H.P. 

H.P. 
H.P. 

H.P. 

- -

Exposure 
T ime , 

days 

28 
210 

210 

210 

210 
210 

210 

210 

98 
210 

70 

98 

210 

182 

266 

266 

182 
182 

266 

182 

210 

266 

Weight 

Change, 

mg per dm^ 

Disintegrated 
-4 ,570 

-3 ,970 

119 

-2 , 400 
127 

118 
89 

Disintegrated 
-18,450 

Cracked 

Disintegrated 

-6 ,420 

-499 

36('=) 
53 '̂=) 

-215 
-587 

251 

220 

225 

327 

Compared With 
"Best"(b) 100 Nb 

-
0 

+ 

+ 

+ 
+ 

+ 
+ 

-

-
-

-

• 

+ 

+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

Corrosion Resistance 

Compared With 
Higher Weight 

Change 

(>20 Per Cent) 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Zircaloy-2 

Lower Weight 

Change 

(>20 Per Cent) 

X 

X 

X 

X 

X 

00 

(a) C. P. designates commercial purity, H. P. designates high purity. 

(b) Corrosion resistance, in terms of weight change relative to sample TP-37; " - " designates greater weight change; "+" designates lower weight change. 

(c) Losing weight. 
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in the vicini ty of the r e a c t o r co re . On the other hand, the co r ro s ion r a t e s of z i r c o ­
nium al loys , which p o s s e s s adheren t t a rn i sh f i lms , a r e unaffected by flow veloci ty. 
Only ve ry sma l l amotints of radioact ive z i rcon ium a r e detected in coolant w a t e r s . 
S imi la r behavior might be expected with niobium al loys . The co r ro s ion behavior of 
those alloys with adherent f i lms m a y be unaffected by flow veloci ty. On the other hand 
co r ros ion r a t e s and product t r a n s p o r t of those with l e s s adherent f i lms m a y i n c r e a s e 
with inc reas ing flow veloci ty. 

Based on the information obtained to da te , it is not yet known whether hydrogen 
absorpt ion in niobium during co r ros ion poses a p rob l em as it does with z i rcon ium 
al loys . Resu l t s indicate that hydrogen absorpt ion is low in the m o r e c o r r o s i o n - r e s i s t a n t 
al loys and is high only in those al loys which exhibit high co r ros ion r a t e s . 

Oxygen contaminat ion of niobium alloys a lso appea r s to be re la ted to co r ros ion 
r e s i s t a n c e . In genera l , high oxygen-diffusion coefficients w e r e obtained with l e s s r e ­
s is tant a l loys . However , contaminat ion of niobitaxn alloys f rom oxygen in the oxide film 
does not appear to be a s e r ious p rob l em. Depth of contaminat ion after 196 d a y s ' ex­
posure to 680 F wate r was found to be l e s s than 1 mi l for the m o r e c o r r o s i o n - r e s i s t a n t 
alloys and l e s s than 5 m i l s for l e s s r e s i s t a n t a l loys . 

Theore t i ca l Aspec t s 

It i s of i n t e r e s t to compare the observed effects of va r ious b ina ry alloy additions 
on the wa te r co r ro s ion r e s i s t a n c e of niobitom in the light of the p r inc ip les which were 
developed'-^) to explain alloying effects on the h o t - a i r oxidation of niobium. In the case 
of wate r co r ros ion , the assumpt ion is made that , as in hot a i r , the reac t ion r a t e depends 
p r i m a r i l y on the na tu re of the oxidation product formed at the niobium:water in ter face . 
Accordingly, the effects of alloying additions m a y be compared by the m a n n e r in which 
they influence the surface oxidation product formed on niobitim in w^ater. As shown 
e a r l i e r , the surface-oxidat ion product formed on niobium in 680 F wa te r is the T- type 
Nb205j the same oxide which i s predominant ly fo rmed on the sur face of niobium heated 
in a i r at t e m p e r a t u r e s through 1470 F . 

In the e a r l i e r Bat te l le workw) , t h ree p r inc ip les of alloying behavior were shown to 
be effective in governing the h o t - a i r oxidation behavior of niobium. These a r e br ief ly 
s imimar ized below: 

Valence Effect: Niobium oxide is a semiconductor of the m e t a l - e x c e s s or 
anion-defici t type. Accordingly, the addition of m e t a l ions of h igher valence 
than niobium d e c r e a s e s the number of in t e r s t i t i a l m e t a l ions or oxygen-ion 
vacanc ies in o r d e r to main ta in e l ec t r i ca l neu t ra l i ty in the oxide. Since these 
defects a r e the means by which diffusion occurs through the sca le , reducing 
the i r number d e c r e a s e s ionic-diffusion r a t e s and thus the oxidation r a t e of 
the alloy. Adding me ta l ions of lower valence has the opposite effect, in­
c reas ing the number of defects and inc reas ing the alloy oxidation r a t e . 

Size Effect: Meta ls of s m a l l e r ionic rad i i than niobiunn enter the oxide sca le 
subst i tut ional ly w h e r e , because of the i r s m a l l e r s i ze , they tend to lower the 
unfavorably high oxide:metal volume ra t io of niobium. As a r e su l t , the 
mechan ica l s tabi l i ty of the scale is i n c r e a s e d and it becomes m o r e p ro tec t ive , 
i. e. , the alloy oxidation r a t e is dec r ea sed . Converse ly , m e t a l s of l a r g e r 
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ionic rad i i tend to d e c r e a s e scale s tabi l i ty and i n c r e a s e oxidation by fur ther 
increas ing the oxide:metal volume ra t io . 

New-Scale Effect: In the range beyond the solubil i ty l imi t for addition me ta l 
ions in the niobium oxide, new oxides mus t fo rm. These m a y consis t of 
mixed oxides or pu re oxides of the alloying addition. Genera l ly , if the new 
oxide(s) have improved the rmodynamic , mechan ica l , or phys ica l p r o p e r t i e s 
over that of the niobium oxide, improved oxidation r e s i s t a n c e m a y resu l t . 

As implied above, valence and s ize effects a r e expected to p redomina te at low 
alloy leve ls ( less than about 15 a/o) while new-sca l e effects can be expected at h igher 
alloy l eve l s . 

The va lences , ionic s i z e s , and oxide c h a r a c t e r i s t i c s of each of the b ina ry additions 
studied in wate r co r ros ion tes t ing a r e l i s ted in Table 17. Table 18 s u m m a r i z e s the 
anticipated and observed effects of these additions on the wate r co r ro s ion behavior of 
niobium, asstiming oxidation to be the p r i m a r y co r ro s ion mechan i sm. 

Most of the b inary additions w e r e confined to low alloy r anges . H e r e , as indicated 
in Table 18, the size effect appea r s to overwhelmingly p redomina te the valence effect. 
Thus , five of six b ina ry additions ant icipated to improve the co r ros ion r e s i s t a n c e of 
niobium through s ize effects actual ly do so . Of these , vanadium, w h i c h h a s t h e sma l l e s t 
ionic r ad ius , appears mos t effective (on an equivalent a tomic p e r cent addition b a s i s ) . 
On the other hajid, ch romium and tungsten which should show increas ing ly beneficial 
effects actual ly did not. In these in s t ances , i t appea r s poss ib le that l a r g e r addit ions of 
these metads may be r equ i red than w e r e actual ly used in the p r e s e n t study. 

Because of the wide range in 680 F c o r r o s i o n r a t e s obse rved for the var ious un­
alloyed niobium s a m p l e s , it is not poss ib le to accura te ly compare the behavior of the 
l e s s - c o r r o s i o n - r e s i s t a n t a l loys . Neve r the l e s s , the ce r i um, pa l ladium, and y t t r ium 
cuLloys were among the l e a s t - c o r r o s i o n - r e s i s t a m t m a t e r i a l s t es ted , a behavior which 
might be explainable on the bas i s of the i r unfavorably l a rge ionic rad i i . 

The effectiveness of z i rcon ium additions in improving the co r ros ion r e s i s t a n c e of 
niobium can only be explained by the new sceile effect. This t he s i s i s supported by the 
X - r a y evidence which showed that a double oxide, 6Zr02* Nb205, was formed on the 
45, 7 a /o z i rconium alloy exposed for 42 days in 680 F wa te r . 

Compar i son of the ho t -wa te r co r ro s ion and a i r oxidation behavior of niobium 
alloys shows seve ra l s t rong points of s imi l a r i ty . 

F i r s t , in wa te r co r ros ion as in a i r oxidation, s ize effects p redomina te over 
valence effects at low alloy concent ra t ions . 

Second, the mos t effective additions in improving a i r oxidation r e s i s t a n c e were 
found to be those capable of forming new, s table , d i f fus ion-res is tant oxides . Again, in 
the w a t e r - c o r r o s i o n work, the bes t combinations of low weight gain and adherent t a r n i s h 
fi lms were fotind with h igh-z i r con ium alloys and the 28. 2 a /o t i t an ium-6 . 1 a /o chromitun 
cdloy, both of which fo rm new s c a l e s . 
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TABLE 17. VALENCE, IONIC SIZE, AND OXIDE CHARACTERISTICS OF ELEMENTS ADDED TO NIOBIUMC^ '^ ' ^ ) 

Element 

Cerium 
Yttrium 
Palladium 
Zirconium 
Nickel 

Niobium 

Titanium 
Iron 
Chromium 
Molybdenum 
Tungsten 
Vanadium 

Valence 

4 
3 
2 

4 

2 

5 

4 

3 

3 
6 
6 

5 

Goldschmidt 
Ionic Radius 

0.94 
0.92 
0.80 
0.79 
0.69 

0.69 

0.68 
0.64 
0.63 
0.62 
0.62 
0.59 

Negative Free Energy of 
Formation of Oxide at 620 F, Oxide:Metal 
kcal per g-atom of oxygen Volume Ratio 

107 
125 

10.7 
117 
43.9 

78.2 

99.6 
52.8 
77.9 
47.9 
54,7 
62.1 

1.16 
1.39 
1.65 
1.56 
1.65 

2.69 

1.73 
2.14 
2,07 
3.24 
3.25 
3.19 

TABLE 18. EFFECTS OF BINARY ALLOY ADDITIONS ON THE 680 F WATER-CORROSION BEHAVIOR OF NIOBIUM 

Effect of Additions on Corrosion Behavior 

Mechanism 
Decreasing Corrosion Resistance 

(Increasing Weight Changes) 

Negligible Effect 
or Slightly Increasing Corrosion 

Negligible Increased Corro- Resistance (Decreasing 
Effect sion Resistance Weight Changes) 

Anticipated Behavior 

Valence effect Nickel, iron, cerium, palladium, chromium. Vanadium 
titanium, yttrium, zirconium 

Molybdenum, tungsten 

Size effect Cerium, yttrium, palladium, zirconium, 
nickel 

New scale effect 

Titanium, iron, chromium, 
molybdenum, tungsten, 
vanadium 

Titanium(^), zirconium^^^ 

Generally Observed Behavior 

Yttrium, chromium, cerium, tungsten, 
nickel, palladium 

Iron, molybdenum Zirconium, titanium, 
vanadium 

(a) Placement based on high free energy of formation of oxide and more favorable oxide:metal volume ratio. 
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Final ly , the additions (i. e. , t i tanium, vanadium, and zirconium) found mos t effec­
tive in improving the co r ros ion r e s i s t a n c e of niobium to wa te r and s team w e r e a lso 
among the mos t effective additions in improving the ho t - a i r oxidation r e s i s t a n c e of 
niobitim. 

These observat ions lend s t rong support to the bel iefs that oxidation is the p r i m a r y 
reac t ion involved in both hot wate r and a i r , and that the m e c h a n i s m for forming m o r e 
pro tec t ive oxides, through alloying, against both med ia is bas ica l ly the s ame . 

Hot Hardness 

The h a r d n e s s e s of mos t of the fabr icable alloys w e r e de te rmined , after vacuum 
annecding, at t e m p e r a t u r e s through 1650 F , These data a r e given in Table 19 and plotted 
as a function of t e m p e r a t u r e in F i g u r e s 9 to 16. 

Hardness data were obtained for unalloyed niobium in two conditions: (1) a s -
rece ived e l e c t r o n - b e a m - m e l t e d ingot, and (2) the same m a t e r i a l after mel t ing , cold 
rol l ing, and vacuum annealing. The curves for both m a t e r i a l s were quite s i m i l a r , as 
shown in F igu re 9. Thus , the h a r d n e s s of unalloyed niobium holds fa i r ly constant at 
t e m p e r a t u r e s to 600 F after which it d e c r e a s e s fa i r ly rapidly with inc reas ing t e m p e r a ­
t u r e s . Due to i ts higher in te r s t i t i a l content f rom contamination in p roce s s ing , the sheet 
niobium mainta ined a higher h a r d n e s s at all t e m p e r a t u r e s . Also , above 600 F , the h a r d ­
nes s of sheet dec rea sed l e s s rapidly with inc reas ing t e m p e r a t u r e than that for the h igher 
pur i ty ingot m a t e r i a l . 

General ly , the ha rdnes s curves for mos t of the alloys were s i m i l a r . The genera l 
behavior was for h a r d n e s s to d e c r e a s e p r o g r e s s i v e l y at a uniform r a t e with inc reas ing 
t e m p e r a t u r e to 1650 F . None of the alloy curves showed sharp breaiks like those ex­
hibited by the unalloyed niobium at 600 F . 

The mos t notable exception to this genera l rule o c c u r r e d for the b ina ry and t e r n a r y 
alloys containing 1. 1 through 10 a /o z i rconium. As shown in F igu re 9, the h a r d n e s s e s of 
b inary alloys containing 10 a /o z i rcon ium and l e s s tended to i n c r e a s e at t e m p e r a t u r e s 
above 1200 F . Also, as i l lus t ra ted in F i g u r e s 15 and 16, the same behavior occur s in 
t e r n a r y alloys containing 2. 3 through 10 a /o z i rconium. It is concluded that z i rconium 
i n c r e a s e s the h a r d n e s s during tes t ing by get ter ing t r a c e s of oxygen f rom the t e s t 
a tmosphere to form a thin, ha rd subsurface oxide d i spe r s ion . The magnitude of this 
effect i n c r e a s e s with t e m p e r a t u r e s above 1200 F , Also , the h a r d n e s s - c h a n g e data in 
Table 19 and the curves in F i g u r e 17 indicate m a x i m u m suscept ib i l i ty to h a r d n e s s con­
taminat ion occurs for z i rconium contents of 5 to 10 a / o . 

B inary t i tanium additions of 10 to 25 a /o appear to have a s imi l a r effect on niobium, 
though not nea r ly to the same degree as z i rconium. Most of the other al loys show no 
evidence of this behavior . 

The specific effects of b inary molybdenum, t i tanium, vanadium, and z i rconium 
additions on the hot h a r d n e s s of niobiiim a r e m o r e apparent f rom compar i sons of 
F i g u r e s 17, 18, and 19 which show h a r d n e s s plotted as a function of alloy composi t ion. 
Init ial additions of z i rconium, vanadium, and molybdenum, in amounts through 30 a / o , 
5 a / o , and 2. 5 a /o , respec t ive ly , resu l t in approximate ly l inea r i n c r e a s e s in the hot 
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TABLE 19. HOT HARDNESS OF SELECTED NIOBIUM-BASE ALLOYS 

Alloy 

__ 
N40 

N2 

N3 
N4 

N5 

138 

139 
140 
141 

N16 
150 

148 
149 

NL-2 

158 
151 

N i l 
142 

N12 

143 
144 

N13 
145 
146 

152 
153 

NL-3 

154 

N45 

N46 
169 
N47 

163 
164 

N48 

N5 7 
N60 
;.64 

Alloy Content 

(Balance Niobium)^*), 

a /o 

100 Nb 

100 Nb 

1.1 Zr 

2 . 2 Z r 
5 Zr(g) 
10. 2 Zr 

10.5 Zr 

2 6 . 1 Zr 
35 .7 Zr 
45 .7 Zr 

1.6 V 

4 . 4 V 
8.9 V 

10,7 V 
12.6 V 

13 V 
24 .2 V 

3 . 2 T 1 
9 .4 Ti 
10.5 Ti 

18 .8 Ti 
24. 3 Ti 

25 Ti(g) 
30,5 Ti 
33. 8 Ti 

2,45 Mo 
5 .2 Mo 
7 ,2 Mo 

7 .4 Mo 

<0. 08 Fe 
0 . 3 F e 

4 . 9 Fe 
10 FeCg) 

1.1 W 
4 .7 W 

0.5 Cr 
1 Ce(g) 

5 Y(g) 
1 Pd(g) 

Type of 

Niobium 

Base(b) 

H.P . (^ ) 

H .P . ( f ) 

H.P . 
H.P. 
H.P. 
H.P. 
C .P . 
C P 

C.P 
C.P . 

H.P . 

C .P . 
C .P . 

C .P . 

H.P . 
C .P . 
C .P . 

H.P. 
C .P . 

H.P. 
C .P . 

C .P . 

H.P , 
C .P . 
C .P . 

C .P . 
C .P . 

H.P . 
C.P. 

H.P . 

H.P. 
C .P . 
H.P. 

C .P . 
C .P . 

H.P . 

H.P. 
H.P. 
H.P. 

75 

81 

97 

108 
130 
152 

187 
197 

267 
297 
294 

103 

147 
191 
211 

246 

287 
334 

97 
133 
121 

151 

157 
152 

165 

177 

134 

154 

199 
180 

98 
106 
143 

251 

128 
178 

120 
64 

102 

107 

Hardness, 

600 

78 
95 

75 

116 
101 
142 

143 

235 
254 

245 

67 
132 

150 
155 
164 

213 

258 

52 

77 
69 
90 

102 
84 

109 
114 

102 
100 

133 
120 

72 

123 

109 
182 

96 
137 

82 
50 

91 

77 

900 

56 
74 

71 
87 
97 

133 

145 

229 

248 
233 

65 

119 
144 

153 

155 
205 
242 

49 
74 

63 

86 

99 
75 

97 
103 

108 

103 
133 

117 

76 
95 

109 

187 

97 
145 

78 
53 

79 

77 

VHN, at 

1200 

37 
65 

75 
84 

99 
133 
150 

236 
244 

233 

66 
116 
134 

144 

153 

205 
241 

45 
75 

58 

78 

87 
68 
88 
89 

95 
92 

116 

108 

60 

92 

97 
182 

81 
117 

77 
40 

82 
63 

Temperature, F 

1400 

26 

54 

87 
100 

109 
158 
152 

222 
231 
182 

63 
118 
146 

147 
153 
209 
241 

42 

67 
57 
73 

87 

67 
82 

81 

95 

94 

104 

108 

60 

89 

96 
172 

78 
108 

77 
32 

75 
62 

1650 

21 
46 

84 

99 
184 

267 
175 

181 
160 
148 

58 
116 

147 

147 
149 
195 
212 

41 
74 

66 
75 

87 
77 
77 
76 

87 
89 
89 

114 

52 

71 
84 

119 

77 
103 

64 

27 
63 
51 

75(c) 

82 

93 

123 
126 
179 
238 
211 

279 
298 
296 

114 
156 
200 

222 

259 
290 

341 

109 
143 
141 

168 
179 
194 
200 
221 

142 

165 

187 
186 

97 
110 
141 

235 

130 
174 

123 
62 

96 
102 

Hardness 

Change(' '), 

VHN 

1 
-4 

15 
-4 

27 
51 
14 

12 
1 
2 

11 
9 
9 

11 
13 

3 

7 

12 

10 
20 

17 
22 

42 
35 
53 

8 

11 
-12 

6 

-1 
4 

-2 

-16 

2 

-4 

3 
-2 

-6 
-5 
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TABLE 19. (Continued) 

Alloy 

N49 
N50 
N51 
N52 
N53 
N54 
N65 
N68 
N70 

N55 
N17 
NL-8 

NL-9 

N21 
N29 
N35 
N38 
NL-4 

NL-7 

NL-10 

Alloy Content 

(Balance Niobium)(^), 

a/o 

2 V-2.5 Ti 

2 V-2.3MO 

2.2 V-0.54 Fe 

2.2 V-0.87 Nl 

1.8V-<0.02 Cr 

1.8 V-0.14 Al 

5 V-2.5 Ti('i) 

5 V-2,5 Cr̂ '') 

5 V-2.5 Al(d) 

2.5 V-2.5 Zr(g) 

4.0 V-2.3 Zr 

9.4V-9.9Zr 

11.4V-5.7 Zr 

10.9 Zr-5.1 Ti 

10 Zr-5 MdCg) 

10 Zr-5 Cr(g) 

10 Zr-5 Fe(g) 

46,8 Zr-5,1 Ti 

11.2 Ti-3.2 Mo 

9.6 Ti-3.3 Cr 

Type of 

Niobium 

Base(b) 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

H.P. 

75 

119 
134 
143 
168 
112 
104 
146 
152 
146 

141 
159 
277 
275 

207 
238 
208 
322 
282 

178 

239 

Hardness, VHN, at 

600 

75 
83 
104 
139 
80 
73 
104 
120 
101 

114 
117 
212 
188 

135 
146 
173 
237 
199 

107 

158 

900 

66 
77 
101 
135 
65 
65 
98 
115 
93 

103 
115 
194 
181 

130 
148 
169 
247 
200 

87 

148 

1200 

68 
71 
103 
128 
66 
63 
97 
113 
96 

100 
106 
186 
186 

135 
152 
166 
237 
201 

80 

153 

Temperature 

1400 

71 
69 
104 
124 
65 
69 
97 
108 
95 

113 
119 
185 
194 

151 
178 
169 
249 
186 

79 

150 

, F 

1650 

69 
66 
85 
94 
61 
58 
82 
94 
85 

115 
145 
212 
245 

223 
246 
221 
168 
153 

87 

146 

75(c) 

129 
134 
149 
171 
111 
112 
155 
162 
150 

144 
179 
291 
293 

239 
268 
236 
338 
305 

189 

246 

Hardness 

Change(<i), 

VHN 

10 
0 
6 
3 
-1 
8 
9 
10 
4 

3 
20 
14 
18 

32 
30 
28 
16 
23 

11 

7 

(a) By chemical analysis unless otherwise indicated. 
(b) H.P. designates high-purity electron-beam-melted, C.P. designates commercial sintered. 
(c) Hardness measured after heating samples to 1650 F in vacuum. 
(d) Change m room-temperature hardness after heating to 1650 F. 
(e) Sample taken directly from electron-beam-melted Ingot 405-599-P37. 
(f) Same material as (e) after inert-electrode arc melting, cold rolling, and vacuum annealing. 
(g) Nominal compositions. 
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FIGURE 11. HOT HARDNESS OF NIOBIUM-TITANIUM ALLOYS 
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FIGURE 17. E F F E C T OF ZIRCONIUM ON THE HOT HARDNESS OF NIOBIUM 
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FIGURE 18. E F F E C T OF VANADIUM ON THE HOT HARDNESS OF NIOBIUM 
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OF NIOBIUM 
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h a r d n e s s of niobium. B ina ry additions of these me ta l s in l a r g e r amounts have a l e s s e r 
effect in fur ther inc reas ing the a l loys ' h a r d n e s s e s . As shown in F igu re 19, titcinium is 
much l e s s effective than any of these other e lements in improving the hot h a r d n e s s of 
niobium. Neglecting contamination effects, the o r d e r of these e lements on an equivalent 
pe rcen tage (5 to 7 a/o) b a s i s in inc reas ing the hot h a r d n e s s of niobium is t i tanium, z i rco­
nium, molybdenum, and vanadium. 

Compar i son of the t e r n a r y - a l l o y data shows that , in combination with vanadium or 
z i rconium, i ron and nickel additions appear m o r e effective in inc reas ing the h a r d n e s s of 
niobium at e levated t e m p e r a t u r e s than s i m i l a r amounts of molybdenum or t i tanium. 

The effect of t ime on the h a r d n e s s of the 12. 6 a /o vajaadium and 7. 2 a /o molyb­
denum alloys at 1200 F was de te rmined as shown in F i g u r e 20. F o r both a l loys , the 
r e s i s t a n c e to deformation d e c r e a s e s slightly, at about the same r a t e , with inc reas ing 
t i m e s up to 2000 sec . 

z 
X 
> 
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X- - -

4 

) 
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C — 

2. 

n 

7.2 
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r 

c 

( 

i/o V 

4 

/o Mo 

> 

1 

' - X 

_| 

) 

i 

i '' 

^ 

r 

• ^ 

10 100 

Time , sec 

1000 10,000 

AEA-33686 

F I G U R E 20 . E F F E C T O F T I M E ON T H E HARDNESS O F T W O 
N I O B I U M - B A S E A L L O Y S A T 1200 F 

T e n s i l e P r o p e r t i e s 

T h e t e n s i l e p r o p e r t i e s of t he f i r s t s c a l e u p a l l o y s p r e p a r e d w e r e d e t e r m i n e d at t e m ­
p e r a t u r e s t h r o u g h 1200 F , t h e h i g h e s t t e m p e r a t u r e d e e m e d of p r a c t i c a l i n t e r e s t f o r 
p r e s s u r i z e d w a t e r a p p l i c a t i o n s . L a t e r , t e s t s on s o m e of t h e a l l o y s w e r e e x t e n d e d to 
1500 F . T h e l a t t e r t e m p e r a t u r e w a s p r i m a r i l y s e l e c t e d f o r t e s t i n g t h e s c r e e n i n g a l l o y s , 
f o r w h i c h on ly svifficient m a t e r i a l f o r a s i n g l e t e n s i l e s a m p l e w a s a v a i l a b l e . H e r e , t h e 
1500 F u l t i m a t e t e n s i l e s t r e n g t h w a s c a l c u l a t e d * , a s b e i n g a p p r o x i m a t e l y e q u i v a l e n t t o 

•Calculated using the Larson-Miller parameter, P » T(C + log t)10"3 where T « absolute temperature, t = time, hr, and C « 
a constant having an estimated value of 20. 
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TABLE 20. TENSILE PROPERTIES AND BEND 

Alloy 

TP-37 

NL-11 

NL-12 

NL-13 

NL-14 

NL-2 

NL-3 

NL-4 

NL-6 

NL-7 

NL-8 

NL-9 

NL-10 

Alloy Content 

(Balance Niobium), 
a /o 

100 Nb 

7.6 V 

8.7 V - 0 . 2 6 N 

7.3 V - 2 . 4 T 1 

7 .6 V-2 .3 Mo 

12.6 V 

7.2 Mo 

46 .8 Zx-5 .1 Ti 

1 8 . 8 T 1 - 8 . 7 Mo 

11.2 T i - 3 . 2 Mo 

9 .4 V-9 .9 Zr 

11.4 V-5 . 7 Zr 

9 . 6 T i - 3 . 3 C r 

Annealing 
Temperature, 

F 

2730 

2190 

2190 

2190 

2190 

2190 

2730 

2730 

2730 

2730 

2730 

2730 

2730 

2730 

Minimum 
Bend Radius, 

I<a) 

0 

0 

--

— 

--

--

0 

0 -1 .0 

3->12.7 

Brittle 

1 .5 -3 .1 

Bnttle 

Brittle 

Brittle 

0. 2 Per Cent 

Offset Yield 
Strength, 

1000 psi 

20 .5 

22 

51 .5 

65.5 

44 

59 

79 

63 

124 

--

57 

--

--

— 

Room Temperature 

Ult imate 

Strength, 

1000 psi 

26 

32 

75 

87 

78 

84 

97 

77 

128 

- 2 5 

67 

91 

46 

73 

Tensile 

Elongation 

in 1 In . , 
per cent 

28 

43 

29 

18 

27 

28 

24 

20 

8 

0 

35 

0 

0 

0 

(a) T -value expresses the ratio of smallest successful bend radius to thickness of the sheet used; generally T -values greater than 
10 indicate brittle behavior. 

(b) 1200 F and 1500 F tensile tests conducted in helium; all others carried out m air. 

(c) Fracture of loading pin in shoulder occurred. 
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DUCTILITIES OF NIOBIUM-BASE SCALEUP ALLOYS 

Properties at Temperatures Indicated 

600 F 1200 F(t>) 1500 F(b) 

0.2 Per Cent 

offset Yield Ul t imate Elongation 
Strength, Strength, in 1 In . , 
1000 psi 1000 psi per cent 

0.2 Per Cent 
offset Yield Ul t imate Elongation 

Strength, Strength, in 1 I n . , 
1000 psi 1000 psi per cent 

0.2 Per Cent 
offset Yield Ult imate 

Strength, Strength, 
1000 psi 1000 psi 

Elongation 
in 1 I n . , 
per cent 

12 25 32 8.7 13 23 

--

--

--

--

57 

46 

87 

17 

31 

--

--

— 

--

--

81 

67 

101 

17 

42 

--

--

--

--

--

23 

14 

~6 

~1 

32 

--

32 

38 

38 

36 

49 

36 

— 

32 

22 

62 

58 

64.5 

62 

64 

77 

44 

78 

33 

39 

65 

38 

74 

17 

15 

14 

18 

18 

3 

3 

2 

21 

2 

1 

3 

34 

42 

34 

34 

47 

--

--

--

_„ 

--

53 

60 

53.5 

55 

>69('̂ ) 

— 

--

--

__ 

--

34 

26 

23 

28 

>8Cc) 

--

--

--

--

--
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the 100-hr rup ture s t rength of the alloys at 1200 F . Unfortunately, due to t ime l imi ta ­
t ions , it was not poss ib le to t e s t all of the sc reen ing al loys at 1500 F . Accordingly, 
the r ema inde r were tes ted at room t e m p e r a t u r e . 

The r e su l t s of both r o o m - and e l e v a t e d - t e m p e r a t u r e t e s t s on each on the scaleup 
alloys a r e given in Table 20. Table 21 s u m m a r i z e s the r e su l t s of al l of the r o o m -
t e m p e r a t u r e tens i le data obtained on both the scaleup and sc reen ing a l loys . 

Room T e m p e r a t u r e 

The unalloyed niobium b a s e , annealed for 1 h r at 2730 F , showed low yield and 
ul t imate s t rengths (20,500 and 26,000 ps i , respect ively) c h a r a c t e r i s t i c of this high-
pur i ty m a t e r i a l . The compara t ive ly low tens i le elongation, 28 p e r cent , of this sample 
was due to the ex t r emely l a r g e gra in s ize (see F igu re 5a) which resu l ted f rom the 2730 F 
annecil, Recrys ta l l i z ing this m a t e r i a l at 2190 F gave a much f iner gra in s ize ( s imi la r to 
that shown in F igu re 5b) and i nc rea sed the tens i le elongation value to 43 p e r cent. Yield 
and u l t imate s t rengths were inc reased , accordingly, to 22,000 and 32,000 ps i , 
respec t ive ly . 

General ly , as expected, all of the alloying additions i n c r e a s e d the s t rength of 
niobium at the expense of dec reas ing i ts ducti l i ty. 

Of the few b ina ry alloys t es ted , the r e s u l t s at the 1-5 a / o al loy leve l show that 
y t t r ium, pal ladium, and nickel , in that o r d e r , a r e increas ing ly m o r e effective in 
s trengthening niobium. The 2, 5 a /o nickel addition approxinaately doubled the s t rength 
of the niobium and halved i ts tens i le elongation. The s t rengths obtained with this alloy 
a r e quite high and compare favorably with the s t rengthening effect obtained by much 
l a r g e r (about 7. 5 a/o) additions of molybdenum or vanadium. The bes t combination of 
high s t rength and ducti l i ty was obtained in the b ina ry 12. 6 a /o vanadium alloy which has 
yield and ul t imate s t rengths of 79, 000 and 97, 000 ps i , respec t ive ly , and an elongation of 
24 pe r cent. 

Of the var ious t e r n a r y alloys tes ted , good combinations of s t rength and ducti l i ty 
were genera l ly obtained in al l of those with a n iobium-vanadium base excepting those 
containing 5 to 10 a /o z i rconium. At the 2. 5 to 5 a / o vanadium leve l , the addition of 
0. 5 a / o (0. 09 w/o) oxygen — in combination with sma l l amounts (0. 25 to 0. 5 a/o) t i t a ­
nium or zirconiurh — resu l t s in h igher s t rengths and lower duct i l i t ies than the addition 
of 0. 5 a /o (0. 07 w/o) carbon. At 5 a /o vanadium, the nominal 2. 5 a / o t e r n a r y additions 
of a luminum, chromium, and i ron a r e not as effective in s t rengthening as a r e addit ions 
of n i t rogen or oxygen. S imi la r ly , at vanadium leve l s of 7. 3 to 8. 7 a / o , 0. 26 a /o (0. 04 
w/o) ni t rogen has a m o r e potent s t rengthening effect than 2. 5 a /o additions of e i ther 
t i tanium or molybdenum. It is thus apparen t that in t e r s t i t i a l additions to n iobium-
vanadium al loys have a powerftil s t rengthening effect yet do not se r ious ly impa i r the i r 
r o o m - t e m p e r a t u r e tens i le ducti l i ty. 

Despi te i ts compara t ive ly high total alloy content, the 11. 2 a /o t i t an ium-3 . 2 a /o 
molybdenum alloy is not as s t rong as e i ther the b ina ry 7. 2 a /o molybdenum or 7. 6 a /o 
vajiadium al loys . 
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TABLE 2 1 . SUMMARIZED ROOM-TEMPERATURE TENSILE PROPERTIES OF NIOBIUM-BASE ALLOYS 

Alloy 

TP37 

N59 
N60 
N61 
N62 

N64 
NL3 

N71 
N77 

N79 

N80 
N73 
N75 
N76 

N67 
N68 

N70 

NL-11 
NL-12 

NL-13 

NL-14 

NL-2 

NL-8 
NL-9 

NL-10 

NL-7 

NL-6 

NL-4 

Alloy Content 
(Balance Niobium), a /o 

loo Nb 

l Y ( a ) 

5Y(a) 
1 Ni(a) 

2 .5Ni (a ) 

1 Pd(a) 
7 .2 Mo 

2 .5 V-0 .5C^^) 

2 .5 V - 0 . 5 T i - 0 . 
2 .5 V - 0 . 5 Zr -0 . 
5 V - 0 . 5 Zr -0 . 5 

5C(^) 

5C(^) 
c(a) 

2.5 V-0 .25 T i - 0 . 5 O ( a ) 

2 .5 V - 0 . 2 5 Zr -0 . 5 O^*^ 
5 V - 0 . 5 Zr -0 . 5 

5 V-2. 5 Fe(^) 
5 V - 2 . 5 Cr(^) 

5 V-2 . 5 Al^*^ 

7.6 V 
8.7 V-0 .26 N 

7 .3 V - 2 . 4 T i 

7.6 V-2 .3 Mo 

12.6 V 

9.4 V-9 .9 Zr 
11.4 V-5 . 7 Zr 

9.6 T i - 3 . 3 Cr 

11 . 2 T i - 3 . 2 Mo 
18.8 T i - 8 . 7 Mo 

46 .8 Z r - 5 . 1 Ti 

oC^) 

Annealing 

Temperature, 
F 

2190 

2730 

2190 
2190 
2190 
2190 

2190 
2730 

2190 
2190 

2190 
2190 

2190 
2190 

2190 

2190 
2190 

2190 

2190 
2190 

2190 

2190 

2730 

2730 
2730 

2730 
2730 

2730 

2730 

Hardness, 

VHN 

. . 
81 

94 
109 
144 

171 

134 
199 

130 
127 

163 

198 
161 
158 
163 

169 
149 

144 

176 
207 

193 
205 

246 

277 
275 

239 

178 

--

282 

0 . 2 Per cent 
Offset Yield 

Strength, 
1000 psi 

22 

20 .5 

24 

31 
43 

50 

31 

63 

33 
30 

4 0 . 5 
4 9 . 5 

54 
57 
54 

48 
41 

42 

51 .5 
65 .5 

44 

59 

79 

. . 
--

__ 
57 

--

124 

Tensile Properties 

Ult imate 

Strength, 
1000 psi 

32 

26 

36 
42 
58 

69 

44 

77 

55 
53 

67 
82 

71 
71 
75 

70 
65 

64 

75 
87 

78 

84 

97 

91 
46 

73 

67 

- 2 5 

128 

Elongation, in 
1 In. , per cent 

43 

28 

19 

20 
22 

20 

40 
20 

20 
29 
24 

25 
22 
10 
24 

20 
30 

30 

29 
18 

27 

28 

24 

0 
0 

0 
35 

0 

8 

(a) Nominal composition. 



70 

The highest r o o m - t e m p e r a t u r e s t rength (128, 000 ps i ul t imate) was obtained on the 
46. 8 a /o z i r con ium-5 . 1 a / o t i tanium alloy. However, the fa i r ly smal l sp read (4, 000 psi) 
between the yield and u l t imate s t rength of this alloy and i t s low tens i le elongation (8 p e r 
cent) indicate i ts capaci ty for cold p las t ic deformat ion is quite l imi ted . 

As shown by the data of Tab les 20 and 21, four of the t e r n a r y alloys proved to be 
quite b r i t t l e , as evidenced by the i r complete lack of t ens i le and bend ducti l i ty at room 
t e m p e r a t u r e . These include the 9. 4 a /o vanad ium-9 . 9 a / o z i rconium, 11. 4 a / o 
vanad ium-5 . 7 a / o z i rconium, 9. 6 a /o t i t an ium-3 . 3 a /o ch romium, and 18. 8 a /o 
t i t an ium-8 . 7 a / o molybdenum al loys . 

The b r i t t l e behavior of these vanad ium-z i rcon ium alloys is bel ieved printiarily due 
to the i r high interst i t iad content as a r e su l t of contamination in the i r p repa ra t ion (see 
data of Table 5). As noted e a r l i e r , both of these alloys contained apprec iable amounts 
of an in te r - and in t e rg ranu la r z i r c o n i u m - r i c h second phase (see F igu re Id). It a p p e a r s 
poss ib le , t he re fo re , that the p r e s e n c e of th is phase was a lso a contributing factor to the 
br i t t l e behavior of these a l loys . 

The lack of ducti l i ty in the 9. 6 a /o t i t an ium-3 . 3 a /o ch romium alloy probably 
rest i l ted f rom chromium segregat ion and local ized prec ip i ta t ion of a b r i t t l e phase based 
on NbCr2 (see F i g u r e If). 

On the other hand, no explanation can be offered for the lack of ducti l i ty in the 
18. 8 a /o t i t an ium-8 . 7 a /o molybdenum alloy. 

Elevated T e m p e r a t u r e s 

The effects of t e m p e r a t u r e on the tens i le p r o p e r t i e s of the scaleup al loys a r e 
given in Table 20. The same data a r e plotted, as a function of t e m p e r a t u r e , in 
F igu re s 21, 22, and 23. 

The genera l behavior of the alloys with inc reas ing t e m p e r a t u r e s through 1200 F 
is much the s ame . Thus , both s t rengths and duct i l i t ies d e c r e a s e with inc reas ing t e m ­
p e r a t u r e over this intervcd. Because the s t rength drop-off with t e m p e r a t u r e is s i m i l a r 
for mos t of the cdloys, the i r re la t ive o r d e r of 1200 F s t r eng ths , l i s ted below, is about 
the same as at room t e m p e r a t u r e . 

Alloy Content, a /o 1200 F Ult imate Strength, ps i 

13,000 
39,000 
44,000 
58,000 
62,000 
64,000 
64,500 
77,000 
78,000 

At 1500 F , the tens i le ducti l i ty in the alloys containing 7. 3 to 8. 7 a /o vanadium 
show a m a r k e d i n c r e a s e (Figure 23) over the 1200 F va lues . This indicates r e c o v e r y 
for these alloys occurs at or sl ightly above 1200 F . 

100 Nb 
11.2 T i -
7.2 Mo 
7. 6 V 
7. 3 V-2 . 
7.6 V-2 . 
8. 7 V-0 . 
12.6 V 
46 .8 Zr-

3. 2 Mo 

4 Ti 
3 Mo 
26 N 

•5 .1 Ti 
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Temperature, C 

400 

100 o/o Nb 

"-A 

100 a/o Nb 

600 800 

Temperature, F 

1000 1200 

AEA-33687 

FIGURE 21 . E F F E C T OF TEMPERATURE ON THE TENSILE PROPERTIES OF 
NIOBIUM AND THE NIOBIUM-7, 2 a /o MOLYBDENUM AND 
NIOBIUM-12. 6 a /o VANADIUM ALLOYS, AS VACUUM ANNEALED 
1 HR AT 27 30 F 
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Temperature, C 

200 400 600 

600 800 
Temperature, F 

000 1200 
AEA-336e8 

FIGURE 22. E F F E C T OF TEMPERATURE ON THE TENSILE PROPERTIES OF 
NIOBIUM AND THE NIOBIUM-11. 2 a /o TITANIUM-3, 2 a /o 
MOLYBDENUM AND NIOBIUM-46. 8 a /o ZIRCONIUM-5. 1 a /o 
TITANIUM ALLOYS, AS VACUUM ANNEALED 1 HR AT 27 30 F 
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FIGURE 23. E F F E C T O F TEMPERATURE ON THE TENSILE PROPERTIES OF NIOBIUM-VANADIUM-BASE ALLOYS 
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The 1500 F tens i le p rope r t i e s of all of the alloys t e s ted a r e s u m m a r i z e d in 
Table 22. 

Compar i son of the b ina ry -a l loy data shows that additions of t i tanium through 10.5 
a /o have no strengthening effect on niobium at 1500 F . While the addition of 2. 2 a / o 
zirconixim re su l t s in modera t e s t rengthening, this alloy and each of the th ree t e r n a r y 
alloys containing z i rconium a r e c h a r a c t e r i z e d by ex t r eme ly low tens i le duct i l i t ies at 
1500 F . This undes i rab le effect is thus apparent ly c a r r i e d over into vanad ium-base 
t e r n a r y alloys where the effect of zirconitxm, at 5 a /o vanadium, is far m o r e s eve re 
than the effect of in t e r s t i t i a l contaminants (e. g . , carbon and oxygen). 

As i l lus t ra ted in F igu re 24, vanadium additions through 12. 6 a /o r e su l t in a lmos t 
l i nea r ly inc reas ing the 1500 F s t rength of niobium. As pointed out previous ly , the 
higher tens i le elongations at 1500 F for alloys containing vanadium additions up through 
about 8 a /o apparent ly r e su l t s f rom pa r t i a l r e c o v e r y of these alloys at this t e m p e r a t u r e . 
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Vanadium Content, a/o AEA-3369O 

FIGURE 24. E F F E C T OF VANADIUM ON THE TENSILE PROPERTIES 
OF NIOBIUM AT 1500 F 

At vanadium leve ls f rom 2 to 7. 5 a / o , additions of 2. 5 a /o t i tanium or molybde­
num a r e about equivalent in s t rengthening effect. However , ne i ther t i tan ium nor molyb­
denum is as effective in improving the hot tens i le s t rength of the n iobium-vanadium base 
as a r e sma l l e r additions of i ron, nickel , n i t rogen, or carbon. 

In an a t tempt to co r r e l a t e the e l eva t ed - t empe ra tu r e tens i le p r o p e r t i e s and h a r d ­
n e s s e s of a l l the alloys tes ted , these data were c r o s s plotted with the r e su l t s shown in 
F igu re 25. As indicated, while the s ca t t e r i s quite l a r g e , the u l t imate and yield 
s t rengths of niobium alloys at t e m p e r a t u r e s through 1500 F m a y be roughly approxi­
mated f rom h o t - h a r d n e s s data through use of the following re la t ionships : 

UTS (psi) = 400 VHN 

YS(psi) = 333 (VHN-10) 
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TABLE 22. SUMMARIZED 1500 F TENSILE PROPERTIES OF NIOBIUM-BASE ALLOYS 

Alloy 
Alloy Content 

(Balance Niobium), a /o 

Annealing 
Temperature, 

F 

Tensile Properties 

0 .2 Per Cent 
Offset Yield 

Strength, 
1000 psi 

Ult imate 
Strength, 
1000 psi 

Elongation in 
l l n . , 
per cent 

N40 100 Nb 2190 16 21 18 

N57 

N3 
N i l 
N12 

N16 
N53 
N54 
N49 

N50 
N51 
N52 

N55 

N17 

N81 
N65 

N66 

N72 
N78 

N74 

NL-11 
NL-12 
NL-13 

NL-14 

1 Ce^"' 
2 . 2 Z r 
3 . 2 T i 
l O . S T i 

1.6 V 

1.8 V - < 0 . 0 2 C r 
1. 8 V-0 .14 Al 

2 V - 2 . 5 Ti 

2 V - 2 . 3 Mo 
2 . 2 V - 0 . 5 4 F e 

2 . 2 V-0 .87 Ni 
2 .5 V - 2 . 5 Zr(^) 

4 V - 2 . 3 Zr 

5V(^) 
5 V - 2 . 5 Ti(^) 

5 V-2 . 5 Mo(^) 

5 v-o.5c:(^) 
5 V - 0 . 5 T i - 0 . 5 c ( ^ ) 
5 V - 0 . 2 5 T i - 0 . 5 o ( ^ ) 

7 .6 V 
8.7 V - 0 . 2 6 N 
7 .3 V-2. 4 Ti 

7 .6 V - 2 . 3 Mo 

2190 

2190 
2190 
2190 

2190 
2190 
2190 
2190 

2190 
2190 
2190 

2190 

2190 

2190 
2190 

2190 

2190 

2190 
2190 

2190 
2190 
2190 

2190 

NL-2 12.6 V 2730 

30 
14 
12 

16. 

17 
16 
19 
21 
25 
38 

30 

20 
23 
24 
30 
26 
35 

34 
42 
34 
34 

47 

15 
32 
17 
20 

2 8 . 5 

31 
30 
35 
34 
43 
47 
38 
46 

40 
44 
43 
48 
47 
51.5 

53 
60 

53 .5 

55 

>69(c) 

30 
5 

11 
12 

30 
51 
38 
18 
29 
31 
52 

1 

9 

37 
29 

9(b) 
32 
42 
28 

34 
26 
23 
28 

>8(^) 

NL-21 10.9 Z t - 5 . 1 Ti 2730 34 37 

(a) Nominal composition. 
(b) Ruptured at pin in shoulder. 

(c) Pin in shoulda of tensile sample ruptured. 
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FIGURE 25. CORRELATION OF HOT HARDNESSES TO TENSILE AND YIELD 
STRENGTHS FOR NIOBIUM-BASE ALLOYS 
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Creep P r o p e r t i e s 

Creep t e s t s w e r e conducted on each of the fabr icable scaleup alloys at 1200 and /o r 
1380 F . The c reep-de fo rmat ion and - r u p t u r e data f rom al l t e s t s a r e detai led in Table 23 
and s u m m a r i z e d in Table 24. Typical c reep-de fo rmat ion curves a r e i l lus t ra ted in 
F i g u r e 26. 

S t r e s s ing the unalloyed niobium base to 6000 ps i at 1200 F resu l t ed in a con­
tinuously dec reas ing ra te of c r e e p , even though the total deformat ion approached 6 p e r 
cent in 265 h r . At the t ime this t e s t was discontinued (265 h r ) , the c r eep r a t e had 
reached a m in imum value of 0. 0018 pe r cent p e r h r even though this sample was 
apparent ly s t i l l in f i r s t - s t a g e c r e e p . Inc reas ing the s t r e s s level to 8000 ps i r e su l t ed in 
an apprec iable i n c r e a s e in the r a t e of deformat ion and rup ture o c c u r r e d in about 18 h r . 
As shown by the log- log plot of these data in F i g u r e 27, the s t r e s s - r u p t u r e curve for 
unalloyed niobi\am is v e r y flat. 

General ly , the r e s i s t a n c e to c reep of all of the alloys tes ted at 1200 F and 
s t r e s s e s to 20, 000 p s i w^as excel lent . None of these alloys had a min imum c reep ra te 
g r e a t e r than 0. 0002 p e r cent p e r h r . Indeed, four of the al loys (12. 6 a /o vanadium, 
7. 2 a /o molybdenum, 7. 6 a /o vanad ium-2 . 3 a /o molybdenum, and 7. 3 a /o vanadium-
2.4 a /o t i tanium) showed no m e a s u r a b l e c reep cifter exposure pe r iods up to 500 h r . 
F u r t h e r , six of these seven al loys showed 0. 2 p e r cent or l e s s total p las t ic s t r a i n as a 
resti l t of the c r eep exposu res . 

S imi la r ly , of the six alloys t e s ted at 30,000 ps i and 1200 F , excel lent r e s i s t a n c e 
to c reep was shown by al l excepting the 46. 8 a /o z i r c o n i u m - 5 . 1 a /o t i tanium alloy. 
This alloy, which showed a supe r io r u l t imate tens i le s t rength to the 12. 6 a /o vanadium 
alloy at 1200 F (Table 20), rup tured with 3 pe r cent elongation after a 68-hr exposure to 
30, 000 p s i while the vanaditxm alloy had a total deformat ion of only 0. 2 p e r cent after a 
500-hr exposure . The poor c r eep s t rength of this edloy appea r s a t t r ibutable to i t s high 
z i rconium content; i. e. , at 1200 F , the alloy behaves much l ike a zirconixim-base alloy. 

The c reep resistctnce of the two t e r n a r y al loys containing t i tanium was excellent 
although both of these al loys showed tendencies to undergo m o r e pronovinced deformat ion 
on loading than any of the other al loys t e s ted (note the c reep-de fo rma t ion curve for the 
7, 3 a /o vanad ium-2 . 4 a /o t i tanium alloy in F i g u r e 26). In one ins tance , a sample of 
the 11. 2 a /o t i t a n i u m - 3 . 2 a /o molybdenumi alloy was inadver tent ly loaded to 8000 ps i 
over i ts 22, 000-ps i yield s t rength at 1200 F . Although th is sample elongated 2. 4 p e r 
cent on loading, no m e a s u r a b l e c r eep subsequently o c c u r r e d in a per iod of 210 h r . This 
suggested that the c r eep r e s i s t a n c e of this alloy would be quite amenable to s t rengthen­
ing by cold working. As proof of this hypothes i s , another sample of this alloy was ex­
posed to the same s t r e s s (30,000 psi) at 1200 F after an 18 p e r cent cold reduct ion. As 
indicated in Table 23, the cold-worked sample underwent a to ta l p las t i c s t r a in of l e s s 
than 0. 1 pe r cent and had an es t ima ted min imum c reep ra t e of 0. 00003 pe r cent p e r h r 
after a 138-hr exposure . 

Of all of the al loys tes ted , the m o s t outstanding r e s i s t a n c e to c reep deformation 
was shown by the 12. 6 a /o vanadium alloy. This is evident f rom compar i son of the 
data in Table 24, which shows good c r eep s t rength is re ta ined in this alloy at t e m p e r a ­
t u r e s to 1380 F and s t r e s s e s to 40, 000 p s i . 
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TABLE 23. CREEP-DEFORMATION AND -RUPTURE 

Alloy 

TP-37 

NL-2 

NL-11 

NL-12 

NL-13 

Alloy Content 
(Balance Niobium), 

a /o 

100 Nb 

12.6 V 

7, 6 V 

8. 7 V - 0 . 2 6 N 

7.3 V - 2 . 4 T i 

Temperature, 

F 

1200 

1200 

1200 

1200 

1380 

1200 

1200 

1200 

1200 

Stress, 

psi 

6,000 

8,000 

20,000 

30.000 

30.000 

40.000 

20,000 

20,000 

30.000 

20,000 

Elongation 
on Loading, 

per cent 

0.15 

0 .5 

0.12 

0.24 

0.20 

0.35 

0.28 

0.27 

0.48 

0.60 

Total 

Deformation 

Per Cent 

1 
2 
5 
5.8 

1 
2 
5 

0.15 

0.16 

0.16 

0 .24 
0.25 

0 .21 

0 .21 

0.35 
0 .38 
0.59 
0.78 
0.94 

0.30 
0.32 
0 .33 
0.34 
0.36 
0.36 

0.30 
0.30 
0 .31 
0.34 
0.35 

0.50 
0 .54 
0.57 
0.58 

0.80 

0 .86 

0.86 

T ime , 

hr 

0 .38 
3.9 

90 
265 

0.12 
0.44 
1.3 

0.35 
0 .4 

500 

0 .1 
100 

1 

500 

1 

10 

100 

200 

307 

1 
10 

100 
200 
300 
303.9 

1 
10 

100 
200 
256 .4 

1 
10 

100 
142.2 

1 
10 

220 .4 

Deformation Properties 
Creep 

Deforrr 

Per Cent 

0 .1 

0.2 
0 .5 

0.75 

1.0 

0 .1 
0.2 

• 0 .5 
0.75 
1.0 
2 .0 
5.0 

0 .03 
0.04 
0.04 

0 .0 
0.005 

0 .01 
0 .01 

0.05 

0 . 1 
0 .2 

0 .5 

0.59 

0.05 

0.07 

0.08 

0.05 

0.07 

0 .08 

0.05 
0.10 
0.12 

0.10 

0.20 

0.26 

0.26 

iation(b) 

T i m e . 

hr 

0.02 
0.05 
0.12 
0.30 
0,56 

0.02 
0.04 
0.12 
0.20 
0.28 
0.60 
1.40 

0.35 

0 .4 

500 

1 
100 

1 

500 

21 

41 

84 

248 

307 

92 

254 

303.9 

120 
168 
256.4 

6 
130 
142.2 

0 .1 
0 .5 
3 

220.4 
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PROPERTIES OF SELECTED NIOBIUM-BASE ALLOYS(a) 

Total Minimum 
Plastic Creep Rate, Rupture Properties 
Strain, per cent Time, Elongation, 

per cent per hr hr per cent Remarks 

5. 8 0. 0018 >265 >5.8 Test discontinued after 265 hr 

17.9 3.0 10.1 17.9 

0.04 Nil >500 -- Stress increased to 30.000 psi after 500 hr 

0.1 0.00005 >100 -- Stress increased to 40, 000 psi after 100 hr and held for an addiuonal 
145 hr. giving a total deformation of 0.3 per cent in 745 hr 

0.03 Nil >500 -- Test discontinued after 500 hr 

0.7 0.0016 >307 -- Test discontinued after 307 hr 

0.24 0.00021 >303.9 -- Test discontinued after 303.9 hr 

0.23 0.00010 >256.4 -- Test discontinued after 256.4 hr 

0.40 0.00022 >142.2 -- Test discontinued 142.2 hr 

0.74 Nil >220.4 -- Test discontinued after 220.4 hr 
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TABLE 23. 

Alloy 

NL-14 

NL-3 

NL-7 

Alloy Content 
(Balance Niobium). 

a /o 

7 .6 V-2 .3 Mo 

7.2 Mo 

11.2 T i - 3 . 2 Mo 

Temperature, 
F 

1200 

1200 

1200 

1200 

1380 

1200 

1200 

1200 

Stress, 

psi 

20,000 

30.000 

20.000 

30,000 

30,000 

30.000 

20.000 

30.000 

35,000 

30,000 

Elongation 
on Loading. 

per cent 

0 .13 

0.26 

0.12 

0.25 

0.19 

0.24 

0.25 

2 .41 

3.82 

0.17 

Total 
Deformation 

Per Cent 

0.14 

0.15 

0.17 

0.18 

0.27 
0.29 
0 .31 
0 .31 

0.12 

0,12 

0.25 

0.30 

0.30 

0.19 
0 .21 
0.30 
0 .35 
0.39 
0 .41 
0.42 

0 .4 
0 .5 
1 
2 
5 

7.6 
10 

0.25 
0.26 
0.28 
0.30 
0 .31 
0.32 
0 .33 

2 .41 
2 . 4 1 

--

0.20 

0.22 

0.22 

T i m e , 
hr 

1 

10 

100 

261.6 

1 

10 
45 

117.3 

1 
500 

1 

56 
172 

1 
10 

100 
200 
300 
400 
432 

1 
2 
9 .2 

23 .2 
65.6 

100 
131 

1 
10 

100 
200 
300 
400 
500 

1 

210 

— 

1 

40 

138 

Deformation 
Cn 

Deforn 

Per Cent 

0.05 

0.05 

0.05 

0.05 

0 

0 

0 .01 

0.02 

0.05 

0.05 

0 .01 

0.02 

0.05 

0.10 

0.20 

0 .23 

0.2 
0 .5 
1 
2 
5 

10 

0 .01 

0.02 

0.05 

0.08 

« 

0 
0 

— 

0.01 
0.02 
0.05 
0.05 

Properties 
eep 
iation(b) 

T i m e , 

hr 

200 

261.6 

40' 

117.3 

1 

500 

4 

11 

56 

172 

5 

10 

33 

88 

300 
432 

1.5 

5 .8 
12.8 

26 .7 
69 

134 

10 
73 

267 
500 

1 
210 

--

0.5 
1 

40 
138 
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Total 
Plastic 

Strain. 
per cent 

Minimum 

Creep Rate. 

per cent 

per hr 

Rupture Properues 

T ime , 

hr 

Elongation, 
per cent Remarks 

0.06 Nil >261. 6 Test discontinued after 261.6 hr 

0.13 Nil >117.3 Test discontinued after 117.3 hr 

Nil >500 Stressed increased to 30. 000 psi after 500 hr 

0.12 Nil >172 Test discontinued after total t ime of 672 hr with a total deformation 

of 0 .3 per cent 

0 .24 0.00012 >432 Test discontinued after 432 hr 

23 0.066 177.3 23 

0.21 0.00010 >500 Test discontinued after 500 hr 

2.2 

3 .6 

0.05 

Nil >210 

>210 

0.00003 >138 

Stress increased to 35 . 000 psi afte^ 210 hr and held for an addiuonal 

120 hr giving a total deformauon of 3 . 8 per cent 

Sample imua l ly cold rolled to an 18 per cent reduction; test discon­

tinued after 138 hr 
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TABLE 23. 

Alloy 

NL-4 

Alloy Content 
(Balance Niobium). 

a/o 

46. 8 Zr-5.1 Ti 

Temperature. 
F 

1200 

1200 

Stress. 
psi 

30.000 

40.000 

Elongation 
on Loading. 

per cent 

0.26 

0.37 

Total 
Deformation 

Per Cent 

0 .3 
0 .3 
0.5 
0.75 
1.0 

0.37 
0.38 
0.40 
0.50 

Time. 

hr 

1 
5 

42.9 
56.5 

62.9 

0.1 
1 
2 
7.7 

Deformation Properties 
Creep 

Deforr 

Per Cent 

0.05 
0.10 
0.20 
0.50 
0.75 
1.0 

0.05 
0.10 

nation(b) 
Time. 

hr 

7.5 
19.6 
37.6 
56.9 
63.1 
68.0 

3 . 1 
5.9 

(a) All alloys initially vacuum annealed 1 hr at 2730 F excepting alloys NL-11 through NL-14. which were annealed at 2190 F. 
(b) Creep deformation defined as total deformation Tninus elongation on loading. 
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(Continued) 

Tota l 

Plastic 

Strain. 

per cent 

Minimum 

Creep Rate. 

per cent 

per hr 

Rupture Properties 

T ime , Elongation, 

hr per cent Remarks 

0.0035 68.3 

0. 5 0.18 - - - - Failed in grips after 7. 7 hr with total deformauon of 0.5 per cent 
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TABLE 24. COMPARISON OF CREEP-DEFORMATION PROPERTIES OF NIOBIUM ALLOYS 

Alloy 

NL-3 
NL-2 
NL-14 

NL-7 

NL-12 

NL-11 

NL-13 

NL-2 
NL-3 
NL-14 

NL-12 

NL-7 
NL-4 

NL-3 

NL-2 

Alloy Content 

(Balance Niobium), 
a /o 

7.2 Mo 

12.6 V 
7.6 V, 2 .3 Mo 

11.2 T i , 3 .2 Mo 

8.7 V, 0.26 N 
7.6 V 

7 .3 V, 2 . 4 Ti 

12.6 V 
7.2 Mo 
7.6 V, 2 .3 Mo 

8.7 V, 0.26 N 
11.2 T i , 3 .2 Mo 

46 .8 Zr, 5 .1 T i 

7.2 Mo 

12.6 V 

Total 
Deformation 

in 100 Hr, 

pet cent 

1200 F, 

0 .1 

0.2 

0 .2 

0 ,3 

0 .3 
0 .3 
0 .9 

1200 F , 

0 .2 
0 .3 
0 .3 

0.6 
2 .4 

>3 

1380 F, 

7.6 

1380 F, 

0.6 

20, 

30 , 

30, 

40, 

Total Plastic Strain 
T ime of 

Test, 
hr 

,000 PSI 

500 

500 
262 

500 

256 
304 

220 

000 PSI 

500 

432 
117 
142 
210 

68 

000 PSI 

177 

000 PSI 

307 

Strain, 
per cent 

<0 .1 

<0 .1 

•<0.1 

0 .2 

0 .2 

0.2 

0.7 

<0 .1 

0.2 
0 .1 

0 .4 

2 .2 

3 

23 

0.7 

Minimum 

Creep Rate, 
per cent per hr 

Nil 

Nil 
Nil 

0.0001 

0.0001 

0.0002 

Nil 

Nil 
0.0001 

Nil 

0.0002 

Nil 

0.18(a) 

0.066^'') 

0.0016 

(a) Ruptured in 68 hr. 
(b) Ruptured in 177 hr. 
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c 
<D 
O 

<1> 

1.0 

0.8 

0.6 

i 0.4 

0) 
Q 

^ 

0.2 

7.3 a/o V - 2 . 4 a/o Ti 

100 

7.6 a/o V-

^ = Test discontinued 

7 11.2 a/o T i - 3 . 2 a/o Mo 

12.6 a/o V 

200 300 

Time, hr 

a. Tested at 2 0 , 0 0 0 PSI 

400 

V 

500 

.0 

Ruptured at 68.3 hr 

46.8 a/o Z r - 5 . l a/o Ti 

7.6 a/o V - 2 . 3 a/o Mo 

V = Test discontinued 

7.2 a/o Mo 

100 200 300 
Time,hr 

b. Tested at 3 0 , 0 0 0 PSI 

400 500 
AEA-33692 

FIGURE 26. CREEP-DEFORMATION CURVES OF VARIOUS NIOBIUM-BASE ALLOYS 
AT 1200 F 



<n 
Q. 

O 
(.J 
O 

CO 
CO 

a> 

CO 

100 
8 0 

60 

4 0 

20 

10 

b 

6 

4 

Pu 

V 

^o ^ 
V 

0.20 ' 

re Niobium 

- ^ v ^ ^ > r > ^ . j w y ^ 

X ^**''*''*CL 

/o 0.75 % 

"̂ ^̂ =̂=̂ =̂̂ :̂:̂ -r-~ 
"T^^...^^ x"—i;^ 

—- 1 
x 

1 % 

46.8 c/c Zr-5.1 7o Ti 

~ '^"~" Rupture 
U.UD 7o U.IU 7o U.^U 7o 

-2 7o 

Rupture 
^ 5 7o 

0.01 0.10 1.0 10 100 1000 

T i m e . h r AEA-33693 

FIGURE 27. C R E E P DEFORMATION OF RECRYSTALLIZED NIOBIUM AND NIOBIUM-46. 8 a /o ZIRCONIUM-5. 1 a /o 
TITANIUM ALLOY AT 1200 F 



87 

TABLE 25 . EFFECT OF CREEP EXPOSURE ON THE ROOM-TEMPERATURE TENSILE PROPERTIES OF SELECTED 

NIOBIUM-BASE ALLOYS 

Alloy Content 
(Balance Niobium), 

Alloy a /o History of Material(^) 

Room-Temperature Tensile Properties 
0 .2 Per Cent Offset Ult imate Elongation 

Yield Strength, Strength, in 1 In . , 
1000 psi 1000 psi per cent 

TP-37 

NL-2 

NL-3 

100 Nb 

12.6 V 

7 .2 Mo 

Annealed 1 hr at 2730 F 
Strained 5 .8 per cent in 265 hr at 1200 F under 

6,000 psi; annealed 1 hr at 2190 F 

Annealed 1 hr at 2730 F 
Strained 0.3 per cent in 745 hr at 1200 F under 

40.000 psi; annealed 1 hr at 2190 F 
Suained 0 .2 per cent in 500 hr at 1200 F under 

30,000 psi 
Strained 0.9 per cent in 307 hr at 1380 F under 

40 ,000 psi 

Annealed 1 hr a t 2730 F 
Strained 0.3 per cent in 672 hr at 1200 F under 

30,000 psi; annealed 1 hr at 2190 F 
Strained 0 .4 per cent in 432 hr at 1200 F under 

30,000 psi; surface ground to remove 2 mils 

of me ta l 

20 .5 

24 

79 

81 

75 

80 

63 

64 

57 

26 

29 

28 

23 

97 

100 

81 

82 

77 

78 

24 

31 

1 

1 

20 

20 

69 18 

NL-7 11 . 2 T i - 3 . 2 Mo Annealed 1 hr at 2730 F 
Strained 0.3 per cent in 500 hr at 1200 F under 

20,000 psi 
Strained 3 .8 per cent in 330 hr at 1200 F under 

35,000 psi 

57 

58 

67 35 

60 1 

68 1 

(a) Annealing treatments and creep exposure conducted in vacuum. 



88 

Severa l of the discontinued c r eep t e s t samples w e r e tens i le t e s t ed at room t e m ­
p e r a t u r e to check the effect of c reep exposure on the subsequent r o o m - t e m p e r a t u r e 
behavior . When br i t t l e behavior was observed in two each of the 12, 6 a /o vanadium and 
11. 2 a /o t i t an ium-3 . 2 a /o molybdenum alloys tes ted " a s - r e m o v e d " f rom the c r e e p 
appara tus , s eve ra l exper iments were pe r fo rmed to invest igate th is behavior . Ha rdnes s 
m e a s u r e m e n t s on shoulder sect ions of the br i t t l e r o o m - t e m p e r a t u r e t e s t s amples were 
made and showed no i n c r e a s e s indicative of g ros s contamination. Subsequently, 
additional r o o m - t e m p e r a t u r e tens i le t e s t s were c a r r i e d out on these and other alloy 
samples after (1) vacuum annealing at 2190 F to remove poss ib le s t r a in -ha rden ing 
effects, or (2) s imply surface grinding the c reep t e s t sample to remove 2 mi l s of me ta l . 
The r e su l t s of all of these t e s t s a r e stxmmarized in Table 25. 

As shown, in ai l c a s e s , e i ther surface grinding or subsequent vacuum annealing 
r e s t o r e d the or iginal r o o m - t e m p e r a t u r e p r o p e r t i e s to the a l loys . These data indicate 
that the embr i t t l ement observed in the or iginal s amples resu l ted f rom contamination of a 
thin surface l aye r of the alloys during c reep exposure . Removal of the l ayer (either by 
grinding or diffusing it into the base metal) r esu l ted in no de t r imen t to the tens i le 
p r o p e r t i e s . 

CONCLUSIONS 

On the bas i s of this r e s e a r c h , the following conclusions a r e offered regard ing the 
potential usefulness of niobium and niobium alloys in p r e s s u r i z e d - w a t e r thermed 
r e a c t o r s : 

(1) High-pur i ty niobium offers m o r e r e s i s t a n c e to co r ro s ion by 600 and 680 F 
water and 750 F s team than c o m m e r c i a l - p u r i t y niobium. However, 
nei ther grade is as r e s i s t an t to at tack as z i rconium. Hence, niobium 
mus t be alloyed in o rde r to obtain adequate co r ros ion r e s i s t a n c e and 
improved s t rength for p r e s s u r i z e d - w a t e r appl icat ions. 

(2) Binary and t e r n a r y additions of chromium, i ron , molybdenum, t i tanium, 
vanadium, and z i rconium significantly improve the co r ro s ion r e s i s t a n c e 
of niobium. In b ina ry combinat ions , the effects of t i tanium, vanadium, 
and z i rconium a r e mos t outstanding. 

(3) The fabr icabi l i ty of the vanadium and titanixxnn al loys, in the ranges r e ­
quired for good co r ros ion r e s i s t a n c e , is good to excellent while that for 
the z i rconium alloys is ma rg ina l . 

(4) Many b inary and t e r n a r y alloys show as low or lower weight changes , 
after comparable exposure t i m e s , in 680 F wa te r and 750 F s t eam than 
Z i rca loy-2 . However, of these a l loys , only a t e r n a r y 28. 2 a /o t i t an ium-
6. 1 a /o chromium alloy and alloys containing 45 a /o or m o r e z i rconium 
develop a dense , adherent t a rn i sh fi lm. 

(5) B a s e - m e t a l pur i ty does not appear to have a significant effect on the 
co r ros ion behavior of niobium al loys . 
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(6) The effects of alloying addit ions on the behavior of niobium in hot wate r 
a r e s i m i l a r to the i r effects on the behavior of niobitim in hot a i r . Hence, 
oxidation appears to be the p r i m a r y reac t ion involved in both med ia and 
the alloying mechan i sm for improving the r e s i s t a n c e of niobium to both 
media appears s i m i l a r . 

(7) Most of the niobi i im-base alloys t e s ted show s t rength far supe r io r to that 
of z i rcon ium and Z i r ca loy -2 at t e m p e r a t u r e s f rom 900 through 1200 F . 

(8) At t e m p e r a t u r e s through 1200 F , the tens i le s t rength ajid c reep r e s i s t a n c e 
of b ina ry vanadium and molybdenum al loys , at leve ls down to about 7. 5 a / o , 
and t e r n a r y alloys of molybdenum, t i tanium, and vanadium a r e excel lent . 
Comparably , at 1200 F , the c r eep r e s i s t a n c e of h igh-z i r con ium-con ten t 
al loys is quite low. 

(9) On the b a s i s of t h e r m a l - n e u t r o n - a b s o r p t i o n c r o s s sect ion, fabr icabi l i ty , 
co r ros ion r e s i s t a n c e , and hot s t rength , vanadium offers the g r ea t e s t 
advantages in improving the p r o p e r t i e s of niobiunn for p r e s s u r i z e d - w a t e r 
t h e r m a l - r e a c t o r appl ica t ions . 
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