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OXIDATION AND CONTAMINATION REACTIONS 
O F NIOBIUM AND NIOBIUM ALLOYS 

Wil l iam D. Klopp, Daniel J . Maykuth^ 
Ches te r T . S i m s , and Rober t I . Jaffee 

Niobium was found to react linearly with air (600 to 1200 C) and with 
oxygen (400 to 1400 C). At 1400 C, a very rapid reaction with oxygen was observed. 
Contamination hardening during oxidation was attributed to diffusion of oxygen into 
the metal from the predominantly /VfejC^ scale. 

Alloying effects could be Cfrrelated with relative ionic size and valence 
of the alloy addition and with properties of the alloy-element oxides. Additions with 
smaller ionic size or higher valence improved oxidation behavior up to 15 a/o alloy­
ing. These additions included chromium, molybdenum, tungsten, and vanadium. Size 
effects predominated over valence effects. At alloying levels greater than 15 a/o, 
elements having solid stable oxides, such as titanium and zirconium, improved the 
oxidation behavior. Elements with volatile oxides, suck as molybdenum, rhenium, 
and vanadium, decreased the oxidation resistance when added in amounts greater 
than 15 a/o. 

The most effective binary additions for improving oxidation resistance were 
chromium, molybdenum, titanium, and vanadium, A molybdenum-chromium alloy 
oxidized about 20 per cent slower than the best binary alloy. The degree of improve­
ment for the best alloys over unalloyed niobium ranged from a hundredfold at 600 C 
to sixfold at 1200 C. 

The most effective additions were concluded to be those which form solid 
stable oxides of their own or which are capable of forming complex oxides such as 
spinels. 

I N T R O D U C T I O N 

In compar i son with other r e f r ac to ry m e t a l s , niobium appears re la t ive ly a t t rac t ive 
as a base for h igh - t empera tu re a l loys , consider ing i ts low c r o s s sec t ion , good high-
t e m p e r a t u r e s t reng th , and poss ib i l i t ies for improvement in oxidation r e s i s t a n c e . While 
i t s oxidation r e s i s t a n c e leaves much to be d e s i r e d , the oxides formed a r e solid up to 
1400 or 1500 C, offering the possibi l i ty of improved oxidation r e s i s t a n c e through al loy­
ing. Niobium also has a med ium density and i s eas i ly fabr icable . The r o o m -
t e m p e r a t u r e s t rength of niobium is not except ional , about 50, 000 ps i in the annealed 
condition, but it d e c r e a s e s m o r e slowly with inc reas ing t e m p e r a t u r e than is t r ue of 
lower-mel t ing-poin t m e t a l s . Alloying can also be expected to improve the s t rength of 
niobium. 

T h u s , niobium appears as one of the mos t a t t r ac t ive of the r e f r ac to ry me ta l s a s a 
h i g h - t e m p e r a t u r e alloy b a s e . 

The p resen t invest igat ion was under taken to invest igate the poss ib i l i t ies for i m ­
proving the oxidation r e s i s t a n c e of niobium by alloying. The invest igat ion included both 
a study of the oxidation behavior of the unalloyed me ta l at 400 to 1400 C and a study of 
b inary and t e r n a r y alloys at 600 to 1200 C. 
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BACKGROUND INFORMATION 

The oxides of niobium have been studied by Brauer, Zachariasen, and Pranatis 
and Seigle. Brauer(^) reported three stable niobium oxides, NbO, "NhO^t and Nb^Oc. 
The monoxide forms a cubic structure, with a = 4. 203 A. Nb02 has a rutile-type s truc­
ture , with a = 4. 84 A, c = 2. 99 A, and c/a = 0, 618. This oxide can be formed as a 
black powder by reduction of NbgOc with hydrogen or niobium metal powder. The pent-
oxide is normally white to yellow-white and exists in three modifications, designated by 
Brauer as low (T), m.iddle (M), and high temperature (H). The T form is stable to 
900 C, the M form between 1000 and 1100 C, and the H form above 1100 C. 

Zachariasen(^) found the crystal structure of Nb205 (unknown form) to be isomor-
phous with Ta20c5 which is pseudohexagonal orthorhombic. 

The variation of electrical conductivity of Nb205 was studied by Pranatis and 
Seigle(3) as a function of temperature (650 to 1050 C) and oxygen pressure (8 x 10"^ to 
760 m.m of mercury). The conductivity increases with temperature according to 

X (1 atm) = 6.5 X 10^ e-46,000/RT ohm"! c m - 1 , 

while the pressure dependency is esqsressed by 

Xp = X (1 atm) Po2"'' '^^ ohm"! cm"! . 

The observation that conductivity increases with decreasing oxygen pressure indicates 
the presence of interstitial metal ions or oxygen ion holes in the Nb20c lattice. 

The reactions of niobium with oxygen, nitrogen, and air have been investigated 
previously by Gulbransen and Andrew(4^ 5) and Inouye(6). Gulbransen and Andrew de­
termined that the reaction with 1/10 atm of oxygen followed the parabolic rate law at 
200 to 375 C. At 375 to 500 C, the reaction was initially parabolic followed by a t rans i ­
tion to linear behavior, while the reactions above 500 C were entirely linear. 

Inouye found that Hie niobium-air reaction was also linear at 600 to 1200 C, the 
rates being less than those for niobium-oxygen at the same temperatures. At 400 C, 
the reaction was initially parabolic, changing to linear after approximately 21 hr. 

The niobium-nitrogen reaction is parabolic at 500 to 800 C, the reaction being 
appreciably slower than the niobium-oxygen reaction. 

"EXPERIMENTAL PROCEDURE 

Materials 

Commercial-purity niobium sheet and rod were obtained frona Fansteel 
Metallurgical Corporation and Murex, Limited, for use in this investigation. A typical 
analysis of this material is given in Table 1. High-purity iodide-type chromium. 

(1) References at end of text. 
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TABLE 1. TYPICAL ANALYSIS OF 
COMMERCIAL-PURITY 
NIOBIUM 

Elemen t Amount , w /o 

Oxygen 

Nitrogen 

Hydrogen 

Carbon 

Aluminum 

Calcium 

Copper 

I ron 

Magnesium 

Manganese 

Molybdenum 

Nickel 

Silicon 

Titanium 

Zirconium 

0.05 

0.01 

0.0001 

0,005 

0.002 

0.002 

0. 003 

0.003 

<0. 001 

0.001 

0 .01 

0.006 

0.01 

0 .002 

0 . 0 1 - 0 . 6 
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t i t an ium, and z i rcon ium and h igh-pur i ty ingots of molybdenum and vanadium were e m ­
ployed as alloy addi t ions . The a luminum, be ry l l i um, boron , cobalt , i ron , manganese , 
n icke l , s i l icon, t an ta lum, and tungsten additions were of c o m m e r c i a l pur i ty . 

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

Cyl indr ica l samples machined f rom a r c - c a s t unalloyed niobium were employed in 
the niobium-oxygen and -n i t rogen t e s t s . The cy l inders m e a s u r e d 0 .3 in. in d iameter 
and 0. 5 in. in length. They were polished to a 600-gr i t finish and degreased before 
t es t ing . 

The in termi t tent -weighing a i r t e s t s were conducted on sma l l b r i ck - shaped s a m ­
ples cut f rom 20-g a r c - c a s t ingots of niobium and niobium a l loys . These samples 
m e a s u r e d 0. 1 by 0. 2 by 0 .4 in, and w e r e finished by pol ishing through 600 gr i t and 
degreas ing . 

Continuous-weighing a i r t e s t s w e r e pe r fo rmed on sheet samples of niobium and 
niobium a l loys . The sheets were p r e p a r e d f rom a r c - c a s t 50-g ingots by cold o r hot 
(1000 or 1200 C) rol l ing to a th ickness of 0. 050 in . The s t r i p s w e r e annealed a t 1500 C 
in a vacuum of 10"^ m m of m e r c u r y after ro l l ing . The oxidation samples m e a s u r e d 
0. 75 by 1 in. and were meta l lographica l ly pol ished before t es t ing . 

Equipment and P r o c e d u r e 

The niobium-oxygen t e s t s at 500 to 1400 C and the n iobium-ni t rogen t e s t were 
conducted at 1 a t m of p r e s s u r e in a modified S iever t s - type appa ra tus . Detai ls of the 
t e s t p rocedure have been desc r ibed p rev ious ly . ( ' ) P u r e oxygen was obtained by pa r t i a l 
decomposi t ion of KMn04, while Matheson prepur i f ied ni t rogen was employed for the 
n i t rogen t e s t . 

The niobium-oxygen reac t ion at 400 C was followed grav imet r ica l ly using a 
mic r obalance . 

The in termi t ten t -weighing t e s t s were conducted in undried a i r for, pe r iods up to 
20 h r . The samples were placed in shallow pre f i red c ruc ib les and exposed at 600, 800, 
1000, and 1200 C. The reac t ion r a t e s were calcula ted f rom weight-gain data after 1 , 5 , 
10, 15, and 20 h r of exposure . 

The continuous-weighing t e s t s w e r e conducted by suspending the sample f rom one 
b e a m of an analyt ica l balance on a quar tz rod into a r e s i s t a n c e - h e a t e d ve r t i ca l tube 
furnace . The weight gain as the sample oxidized was followed by taking weight r e a d ­
ings at approximate ly 5-min in te rva l s for per iods up to 6 h r . Dr ied a i r was pas sed 
through the furnace at approximate ly 7 ipm during tes t ing . Tes t s w e r e a lso conducted 
in humid a i r by bubbling the dr ied a i r through solutions known to mainta in constant 
humid i t i e s . 
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EXPERIMENTAL RESULTS 

React ions of Unalloyed Niobium 

Niobium-Oxygen React ion 

The reac t ion of niobium with 1 a tm of oxygen at 400 to 1200 C followed the l inear 
re la t ionship with r a t e s as given in Table 2. Although sca t t e r was evident in the ea r ly 
por t ions of s eve ra l r u n s , no tendency toward ini t ia l parabol ic oxidation was detected in 
these t e s t s . At 1400 C, niobium reac ted ve ry rapidly with oxygen, resul t ing in o v e r ­
heat ing and fusion of the s amp le . No reac t ion data w e r e obtained at this t e m p e r a t u r e . 

Cor re la t ion of the reac t ion r a t e s with t e m p e r a t u r e by an Arrhen ius - type plot is 
shown in F igure 1. Two inflections a r e noted in this plot , one at 580 C and the other at 
1100 C. The activation ene rg ie s for the range below 580 C and the 580 to 1100 C range 
a r e 41,000 cal per g mole and 5,400 cal pe r g mo le , r espec t ive ly . No act ivat ion energy 
is calculated for the r ange above 1100 C. The inflections in this plot indicate changes 
in the r a t e -con t ro l l ing reac t ion . These may r e su l t f rom a change f rom meta l - ion dif­
fusion to oxygen-ion diffusion in the adherent por t ion of the s c a l e , or a change in the 
s t r u c t u r e o r composi t ion of the adherent s ca l e . 

The effect of p r e s s u r e on this reac t ion was invest igated at 800 C. Decreas ing the 
oxygen p r e s s u r e dec rea sed the r a t e of reac t ion and promoted parabol ic behavior . 
Curves for reac t ions at 0, 1, 0. 5, and 1. 0 a t m of oxygen p r e s s u r e a re shown in F ig ­
u r e 2. The reac t ion at 0. 5 a t m became l inear after 40 min , while the 0. l -a tm reac t ion 
curve was approximate ly parabol ic for at l eas t 90 min , the durat ion of the t e s t . The 
reac t ion r a t e s a r e given in Table 2. 

Examinat ion of the sca les revea led tha t , at al l t e m p e r a t u r e s f rom 400 to 1200 C, 
two scale l aye r s were fo rmed. These cons is ted of an ou te r , po rous , white to yel low-
white scale and an i nne r , thin, da rk , adherent s c a l e . The outer scale was loose and 
formed in thin l a y e r s at the lower t e m p e r a t u r e s (600 C), but was slightly more dense 
and tended to form as s labs at higher t e m p e r a t u r e s (1000 C to 1200 C). This was in ­
t e r p r e t e d as a r e su l t of s in ter ing of the oxide p a r t i c l e s . 

The oxides formed in oxygen and a i r at t e m p e r a t u r e s f rom 500 through 1000 C 
were identified by X - r a y diffraction techniques as consis t ing p r i m a r i l y of Nb20c in both 
the outer and the inner s c a l e s . These data a r e given in Table 3 . The t e m p e r a t u r e 
regions in which each of the t h r e e Nb205 modifications was formed a r e in ag reemen t 
with the data of B r a u e r . (1) A sma l l amount of NbO was p re sen t in the inner scale of 
the sample r eac t ed with 0. 1 a t m of oxygen at 800 C. No Nb02 was p resen t in e i ther 
s c a l e . Back-ref lec t ion pa t t e rns on the oxidized samples showed that the inner scale 
was preferent ia l ly or ien ted while the outer sca le was not. This was taken as evidence 
that the inner scale is adherent to the me ta l . Meta l lographical ly , the sca les appeared 
to consis t of a single p h a s e , general ly being porous in the outer por t ion and becoming 
denser near the meta l -oxide in te r face . 
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TABLE 2. RATE CONSTANTS FOR NIOBIUM-OXYGEN REACTION 

Oxygen Pa rabo l i c L inear Oxygen-Diffusion Rate 
T e m p e r a t u r e , P r e s s u r e , React ion R a t e , React ion R a t e , in Niobium, 

C atm. g^ / ( cmT(sec ) g/(cm2)(sec) cm^ pe r sec 

400 

500 

550 

600 

800 

1000 

1100 

1150 

1200 

1400 

1.0 

1.0 

1. 0 

1.0 

1.0 
0.5 
0. 1 

1.0 

1.0 

1.0 

1,0 

1.0 

8. 2 X 10-9 

5. 6 X 10"'^ 1.0 X 10-9 

2. 3 X 10"^ 

6. 5 X 10-6 3^7 X 10-9 

1. 2 X 10-5 3^7 X 10-8 
6. 5 X 10-6 3, 8 X 10-8 

2. 8 X 10-7 _„ 3^7 X 10-8 

1.8 X 10"^ 1. 25 X 10-7 

2.0 X 10-5 6. 3 X 10-7 

7 . 9 x 1 0 - 5 7 . 9 x 1 0 - 7 

7. 3 X 10-5 6. 4 x 10-7 

(Very rapid reaction) 
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TABLE 3. OXIDES FORMED ON NIOBIUM IN OXYGEN AND AIR 

Oxidation Conditions 
T e m p e r a t u r e 5 

C 

500 

600 

800 

1000 

600 

800 

1000 

Atmosphere 

1. 0 a tm oxygen 

1. 0 a tm of oxygen 

0. 1 atm. of oxygen 

1. 0 a tm of oxygen 

Dry a i r 

Dry a i r 

Dry a i r 

Oxide Pha 
Outer Scale 

T-Nb205 

T-Nb205 

T-Nb205 

M-Nb205 

T-Nb205 

T-Nb205 plus 
amount of M-

M-Nb205 plus 
H-Nb205 

smal l 
-NbzOs 

ses P r e s e n t 
Inner Scale 

__ 

— 

Oriented T-Nb205 plus 
smal l amount of NbO 

- -

Oriented T-NbzOs 

Oriented T-Nb205 

M-Nb205 plus H-Nb205 
and t r a c e of NbO 
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Niobiuin-Nitrogen React ion 

A machined niobium cyl inder -was heated in ni t rogen for 50 min at 800 C, followed 
by 18 min at 1000 C. No react ion (i. e, , no changes in the equi l ibr ium nitrogen p r e s ­
su re of 1 atm) could be detected at e i the r t empera tu re^ although a faint t a rn i sh film 
was p r e s e n t a t the conclusion of the t e s t . P rev ious work by Gulbransen and 
Andrew^'*' indicated that this reac t ion follows the parabol ic law and is quite slow. 
Calculat ions based on the i r data indicate that the total amount of ni t rogen reac ted 
under the above condition was about 0, 3 m l . This sma l l volume change is nea r the 
detection l imi t of the modified Siever t s appara tus used, 

Niobium-Air Reaction 

The n iob ium-a i r reac t ion was studied in the range 600 to IZOO C b / the 
in termi t tent -weighing method using a r c - c a s t s labs and wrought rod samples and by the 
continuous-weighing method using wrought sheet s a m p l e s . The effects of humidity and 
cold working were a lso evaluated. 

The n iob ium-a i r r eac t ion was found to be essent ia l ly l inear over the en t i re range 
studied; although deviations f rom l inear i ty were observed at higher t e m p e r a t u r e s , as 
de te rmined f rom the continuous-weighing t e s t s . Data f rom the in te rmi t ten t and con­
tinuous t e s t s a r e given in Tables 4 and 5^ respec t ive ly . 

The effects of m o i s t u r e were evaluated in s e v e r a l continuous-weighing t e s t s at 
600, 800, and 1000 C. At 600 C, inc reas ing the humidity f rom 0 to 100 per cent ( r e l a ­
t ive 20 C humidity) i n c r e a s e d the l inear reac t ion r a t e s by a factor of about 5. At 800 C^ 
the sca t t e r observed in r e s u l t s from, d r y - a i r t e s t s p rec ludes any deductions f rom the 
mioist-air t e s t s , while at 1000 C, no effects of mo i s tu re w e r e observed . This work in­
dicates that m o i s t u r e i n c r e a s e s the oxidation r a t e at low t e m p e r a t u r e but has no effect 
at higher t e m p e r a t u r e s . The g rea t e r reac t ion r a t e s observed at 600 C in undried a i r 
compared with the r a t e s in dry a i r a r e probably the r e su l t of moi s tu re in the undried a i r . 

The effects of cold work w e r e invest igated by both the in t e rmi t t en t - and 
continuous-weighing methods at 600 to 1000 C^ but no significant difference in behavior , 
compared with annealed s a m p l e s , could be detected. 

The reac t ion r a t e s obtained in both the in te rmi t t en t and continuous t es t s a re 
plot ted against t e m p e r a t u r e in F igu re 3. It is seen that the slope of r a t e s de te rmined by 
in te rmi t ten t tes t ing is less than the slope of d r y - a i r r a t e s de te rmined by continuous 
weighing. This ref lec ts the higher r a t e s in undried a i r at lower t e m p e r a t u r e s . The 
act ivat ion energ ies assoc ia ted with the two plots were de te rmined by l e a s t - s q u a r e s 
calculat ions as 9 ,900 ± Z,000 cal p e r g mole for the undr i ed -a i r reac t ion and 15,800 ± 
4 , 600 ca l pe r g mole for the d r y - a i r r eac t ion . 

The sca les formed in a i r we re s imi l a r to those formed in oxygen; t h u s , these a lso 
consis ted of an inne r , da rk , adherent l a y e r , and a p o r o u s , white outer l aye r . Typical 
sca les formed on sheet niobium samples at 600, 800, 1000, and IZOO C a r e i l lus t ra ted 
in F igu re s 4 and 5, Metal lograpMc examinat ion failed to show any significant difference 
between the adherent and nonadherent port ions of the scale in any of these saisaples. 
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TABLE 4. RATE CONSTANTS FOR INACTION OF NIOBIUM WITH UNDRIED AIR 

Test 
Series 

Nb-1 

Nb-2 

Nb-3 

Nb-4 

Nb-5 

Nb-6 

Nb-7 

Condition 
and 

ShapeC*) 

Cast slab 

Cast slab 

Cast slab 

Cast s U b W 

Cast lod 

Annealed 

rod(e) 

Cold-worked 

rod 

Oxidation Conditions 
Temperature, 

C 

600 
800 

1000 

600 
800 

1000 

600 
800 

1000 

600 
800 

1000 
1200 

600 
800 

1000 

600 

700 
800 
900 

1000 

600 

700 

800 

900 
1000 

Time, 
hr 

1 
1 
1 

5 
5 
5 

10 
10 
10 

2 
2 
2 
2 

6 
5 

5 

5 

6 
5 

6 

5 

5 

6 

5 

5 
5 

Oxidation Rate, 
10"8 g/(cm2)(sec) 

1,39 
9.05 
7 .08 

1,60 
8,56 
7.17 

2,22 
10 .0 

3,56 

1.64 
5,33 

10,7 
16 .0 

1.22 
9.85 
9 .11 

2 .31 

3.86 
8.66 

6.17 

8.45 

2 .20 
2 ,69 

1 1 . 1 

6.66 
9.42 

Deptli of 
ContaminationC'), 

cm 

0.006 

0.032 
0.067 

0.013 
0,049 

>0,12 

0.013 

(c) 
> 0 , 1 

— 
— 
. . 
--

0.012 
0,049 
0.115 

- ™ 

. . 

._ 
— 
— 

— 
— 
„ 

— 
• ° " 

Oxygen-

Diffusion Rate, 
cm2 per sec 

2 . 3 5 x 1 0 - 9 
6 . 4 4 x 1 0 - 8 

1 . 3 0 x 1 0 - 7 

2 . 8 7 x 1 0 - 9 
4 .06 x l O - 8 
1,74 X 10-7 

1 . 7 0 x 1 0 - 9 

— 
— 

— 
--
— 
--

2 .95 X10-9 
3 , 6 0 x 1 0 - 8 

1 . 6 3 x 1 0 - 7 

« „ 

- . 
. . 
--
--

__ 
— 
__ 
- . 
„ „ 

(a) Slab dimensions, 0,1 by 0,2 by 0,46 In.; rod dimensions, 0.3 io, in diameter by 0,45 in, long. All specimens labeled 
"cast" were machined from arc-melted buttons. 

(b) Tiie depth of contamination was taken as the point on the hardness-versus-deptli curve which was 50 KHN above the hardness 
of die uncontaminated metal, 

(c) Sample was completely oxidized. 
(d) One side was painted with Cr208 for marker experiment. 
(e) Annealed 1/2 hr at 2150 C in vacuum. 
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TABLE 5. RATE CONSTANTS FOR REACTION OF NIOBIUM WITH DRY AND WET AIR 

Sample 

1 
6 
7 
8 

31 
32 
10 
13 
16 

2 
5 
9 

25 
26 
24 
28 
29 

11 
14 
23 

3 
4 

68 
27 
30 
12 
15 

77 

Thickness 
of 

Original 
Metal, 

10"3in. 

20 
20 
20 
20 
95 
95 
20 
20 
20 

19 
21 
19 
17 
17 
35 
95 
95 
20 
20 
35 

20 
20 
28 
95 
95 
20 
20 

54 

Special 
Treatment 

Before 
Oxidation 

Annealed 
Cold Worked 

Annealed 
Annealed 
Annealed 
Cold Worked 

Annealed 

Annealed 
Annealed 
Cold Worked 

Annealed 

Humidity 
at 20 C, 
per cent 

0 
0 
0 
0 
0 
0 

35 
76 

100 

0 
0 
0 
0 
0 
0 
0 
0 

35 
76 

100 

0 
0 
0 
0 
0 

35 
76 

0 

Total 
Length 
of Run, 

min 

600 C 

120 
120 
120 
120 
360 
360 
120 
120 
120 

800 G 

120 
120 
120 
120 
120 
325 
360 
360 
120 
120 
360 

1000 C 

120 
120 
360 
120 
360 
120 
120 

1200 C 

60 

Time to 
Become 
Linear, 

min 

20 
20 
17 
40 
40 
20 

8 
14 
5 

_ . 

. -
— 

6 
55 

— 
110 
45 
50 
2 

200 

- . 

" 

60 
40 

2 
. . 

1 

Linear Reaction 
Rate, 

10"6g/(cm2)(sec) 

0.495 
0.472 
0.472 
0.445 
0.489 
0.475^^) 
1.67 
1,58 
2.36 

-Jb) 
. . (b) 
.Jb) 

7.78 
5.06 

. . (b) 

4.22 
3.36^=) 
3.20 
4.45 
2.86 

. . (b) 
„ ( b ) 

2.92 
8,56 
8.34^'') 

. . (b) 

.Jb) 

26 

Weight 
Gain in 1 Hr, 

10"3g per cm^ 

2.31 
2 .33 
2.32 
2.72 
2.8 
2.8 
6.5 
6.0 
8.6 

29.9 
28.7 
34.2 
37.0 
31.0 
35.0 
24.5 
18.2 
10.5 
17.3 
28.8 

45.4 
43.8 
21.6 
40.4 
31.0 
43.5 
40,8 

107.8 

(a) Rate increased after 150 min to 0.75 x 10"6g/(cm2)(sec). 
(b) Rates were nonlinear. 

-6„ (c) Rate increased after 170 min to 4.72 x 10"°g/(cm"^)(sec). 
(d) Rate decreased after 180 min to 6.14 x 10'^g/(cm2)(sec). 
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FIGURE 3 . TEMPERATURE DEPENDENCY OF NIOBIUM-AK REACTION 
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a. 600 C, 6 Hr (Sample 31) 

:l^%.' s? 

K*\~ 

w 

•jr. 

M 

i 

•5%. 
\ • 

K 

1 
->--,> c - . ' ^ ^ 

b . 800 C, 6 Hr (Sample 29) 

FIGURE 4, PHOTOGRAPHS OF PURE NIOBIUM AFTER REACTION 
WITH DRY AIR AT 600 AND 800 C 
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a. 1000 C , 6 Hr (Sample 30) 

. W 

i '• 
b . 1200 C , 1 Hr (Sample 77 | 

FIGURE 5. PHOTOGRAPHS OF PURE NIOBIUM AFTER REACTION 
WITH DRY AIR AT 1000 AND 1200 C 
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The oxides w e r e identified by X - r a y diffraction techniques as p r i m a r i l y Nb20c , as 
indicated in Table 3 . The adherent por t ions were preferent ia l ly oriented^ and two lines 
corresponding to NbO were observed in the scale formed a t 1000 C. 

A m a r k e r exper iment was pe r fo rmed on one s e r i e s of samples in an a t tempt to 
identify the diffusing ion in the adherent por t ion of the oxide f i lm. A thin layer of fine 
C r 2 0 3 powder (80 pe r cent s m a l l e r than 1 fî  20 pe r cent between 1 ajid 2 ji) was applied 
to one face of s eve ra l niobiumi s labs in a methanol s l u r r y . After drying and oxidizing 
these samples at 600 to 1200 C, the sca les w e r e examined visual ly . The C r 2 0 3 layer 
was found on the surface of the porous scale^ indicating that oxygen ions diffuse fas ter 
through the sca le than me ta l i o n s , and that the oxidation reac t ion occurs at or near the 
meta l -ox ide in te r face . 

Contamination Studies 

The contaminat ion of niobium resu l t ing f rom oxygen and n i t rogen diffusion is of 
importance^ s ince s m a l l amounts of t he se e lements significantly ha rden and embr i t t l e 
niobium, ("j* 91 The degree of contaminat ion resu l t ing f rom oxygen, n i t rogen, and air 
exposure was de te rmined f rom Knoop h a r d n e s s t r a v e r s e s on c r o s s sections of the r e ­
acted s a m p l e s . The ha rdness t r a v e r s e s shown in F igure 6 a r e typical of the data 
obtained. 

Diffusion r a t e s w e r e calculated using an appropr ia te solution to F ick ' s second law 
which is given as 

where 

c = concentra t ion of diffusing e lement at d is tance x f rom the surface 

CQ = or ig inal concentra t ion of the diffusing e lement 

Cjn = surface concentra t ion of the diffusing e lement 

0 = probabil i ty function 

X = dis tance f rom su r f ace , cm 

D = diffusion coefficient, cm^ per sec 

t = diffusion t i m e , s e c . 

Assuming a l inear re la t ionship between gas concentra t ion and h a r d n e s s . Equation (1) 
can be r ewr i t t en as 
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Legend 

o 1.30 hr in oxygen 
X 0.83 hr at 8 0 0 C 

0.30 h 

• 
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at 8 0 0 C 
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Z in nitroc 

^ " - ^ J f — n — T 

len 

f* 

0.02 0.04 0.06 0.08 0.10 

Distance From S u r f a c e , cm 

0.12 0.14 

A-24014 

FIGURE 6. CONTAMINATION HARDENING OF NIOBIUM BY OXYGEN AND NITROGEN AT 800 C 
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where the t e r m V/J""-̂  1 "•̂ ™-
i m ~ H Q 

r a t i o . 

is the inverse probabil i ty function of the ha rdness 

The diffusivities calculated f rom the oxygen-reac ted and a i r - r e a c t e d samples a r e 
given in Tables 2 and 4 and a r e plotted against t e m p e r a t u r e in F igure 7. No calculat ions 
w e r e made on the n i t rogen - r eac t ed sample since it was exposed at two different t e m ­
p e r a t u r e s . It is appa ren t , however , f rom F igure 6, that n i t rogen diffuses slower than 
oxygen, since the depth of hardening was l e s s in a "ni t rogenated" sample than in an 
"oxygenated" sample even though exposure conditions for the fo rmer w e r e m o r e s e v e r e . 
A l so , compar i son of the diffusivities calculated f rom the oxygen-reac ted and a i r -
r eac t ed samples shows that they a r e substant ial ly ident ica l . This indicates that oxygen 
is the p r i m a r y contaminant in the a i r - r e a c t e d s a m p l e s , as expected, since only oxide 
sca les w e r e formed. A second impor tan t observa t ion i s that the amounts of contamina­
t ion in the samples r e a c t e d with 1. 0 and 0. 1 a t m of oxygen at 800 C were s i m i l a r , indi ­
cating that the oxygen source was an adherent film and oxygen did not have d i rec t acces s 
to the m e t a l . 

The diffusivities of oxygen in niobium a r e re la ted to t e m p e r a t u r e by the 
re la t ionsh ip 

_ 24,900 
D = 4. 07 X 10-3 e RT ^ 

where D is the diffusion r a t e in cm^ pe r sec at absolute t e m p e r a t u r e , T, deg K. The 
diffusion r a t e s ag ree with the data of Ang(lO), -who obtained a value of 27,600 cal per g 
mole for the act ivat ion energy . 

React ion of Niobium Alloys With Air 

The reac t ions of niobium alloys with a i r were studied in an init ial sc reening survey 
by the in te rmi t ten t -weighing method and, subsequent ly , in m o r e detai l by the continuous-
weighing method. The oxidation r a t e s f rom the in te rmi t t en t t e s t s were calculated f rom 
the specific weight ga ins , a ssuming the r e a c t i o n - r a t e cu rves to be l inea r . Data f rom 
the continuous t e s t s gave information as to the exact na tu re of the r eac t ion , i . e . , 
whether parabo l ic o r l i nea r . 

Niobium Binary Alloys 

In te rmi t ten t Weight-Gain T e s t s . Binary niobium alloys evaluated in the screening 
study contained nominal additions of up to 35 a /o ch romium, t i t an ium, and z i rcon ium, 
up to 25 a / o molybdenum, t an ta lum, tungsten , and vanadium, and 5 a /o be ry l l i um, 
boron , cobalt , i r o n , m a n g a n e s e , n icke l , and s i l icon. Severa l of these additions w e r e 
difficult to r e ta in in the 20-g ingots because of re la t ive ly high vapor p r e s s u r e s , notably 
a luminum, be ry l l i um, c h r o m i u m , and manganese . The composi t ions of naost alloys 
were c o r r e c t e d , t h e r e f o r e , on the bas i s of analyses a n d / o r weight losses during melt ing. 
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1200 

Temperoture.C 
1000 900 800 7C» 

Inverse Temperature, • A-30209 

FIGURE 7. TEMPERATURE DEPENDENCY OF OXYGEN DIFFUSION RATE IN NIOBIUM 
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Exposure conditions and weight-gain r a t e s f rom the in termit tent -weighing oxida­
tion t e s t s a r e given in Table 6. The weight-gain r a t e s for most of the alloys a r e plotted 
against composit ion in F igu re s 8, 9 , and 10. The r a t e s a r e exp res sed as l inear r a t e s 
because it was not poss ib le f rom the nature of the t e s t s to de termine the type of 
reac t ion . 

The mos t effective additions for reducing the weight gains a r e ch romium, molyb­
denum, t i t an ium, and vanadium. Ti tanium additions a r e mos t effective at the 25 a/o 
l eve l , reducing the weight gain at 1000 C by a factor of about 20. Molybdenum, vana­
d ium, and ch romium produced min ima in the 1000 C weight gains at lower levels than 
t i t an ium, about 5 , 10, and 15 a / o , r e spec t ive ly . At higher alloying l eve l s , these addi­
t ions resu l t ed in higher oxidation r a t e s than were obtained in pure niobium. 

Zi rconium additions beyond 5 a /o were increas ingly effective at 600 C, while at 
800 and 1000 C a sharp r i s e in oxidation r a t e was obse rved at the 1 and 10 a /o level . 
At these t e m p e r a t u r e s , inc reas ing the z i rcon ium content above 25 a /o promoted r e ­
duced r a t e s . 

Tungsten and tan ta lum additions at the 1 a /o level caused inc reased weight ga ins , 
but at higher l e v e l s , the r a t e s were reduced to levels comparable to that of pure n io­
b ium. Nei ther addition was significantly effective in improving the oxidation behavior 
up to 1000 C. 

The remain ing eight additions (a luminum, be ry l l i um, boron , cobalt , i r on , m a n g a ­
n e s e , n icke l , and silicon) were invest igated only up to the 5 a /o level , as these e lements 
fo rm in te rmeta l l i c compounds with niobium at higher l eve l s . At these levels none of the 
additions improved the oxidation r e s i s t a n c e at 600 to 1000 C. Silicon additions in­
c r e a s e d the weight gains at 800 and 1000 C. 

Continuous Weight-Gain T e s t s . Selected b inary alloy s y s t e m s were further 
evaluated by continuous-weighing oxidation t e s t s in dry a i r at 1000 and 1200 C for 
per iods up to 6 h r . The alloy s y s t e m s and r anges evaluated in this manner were 4, 5 to 
24 a /o c h r o m i u m , 1 to 5 a /o i ron , 2, 5 to 10 a /o molybdenum, 5 a /o rhen ium, 10 to 
35 a /o t i t an ium, 1 to 10 a /o tungsten, 5 to 25 a /o vanadium, and 10 to 45 a /o z i rconium. 

The h a r d n e s s e s and fabr icat ion c h a r a c t e r i s t i c s of these sys tems were noted as the 
al loys w e r e p r o c e s s e d . These da ta , given in Appendix A, general ly showed that t i t a ­
nium binary alloys a r e cold fabr icable to at l eas t 35 a / o , while alloys with molybdenuin, 
tungs ten , and vanadium can be hot fabr ica ted to the 10, 10, and 25 a /o alloying l e v e l s , 
r e spec t ive ly . I ron and rhen ium b inar ies can be hot fabr icated to the 5 a /o alloying 
leve l . One ch romium al loy, containing 24 a /o ch romium, was hot rol led to s t r i p , but 
other al loys containing 3 .5 to 12,5 a /o ch romium could not be fabr ica ted . 

Resul t s of the continuous-weighing t e s t s general ly confirmed the information ob­
tained in the sc reen ing survey rega rd ing the composi t ion a r e a s of max imum oxidation 
r e s i s t ance and also showed that many of the a t t rac t ive alloys oxidized parabol ical ly and 
formed fully protec t ive s c a l e s . 

The oxidation behaviors of these b inary alloys a r e s u m m a r i z e d in F igures 11 and 
12, where the weight gains at 1000 and 1200 C a r e plotted against com.position. Table 7 
gives reac t ion data for a l l of the b inary alloys invest igated by the continuous-weighing 
miethod. React ion curves for these alloys a r e given in Appendix B. 



21 

TABLE 6 

Alloy Addition 

(Balance Niobium), 

Nominal 

a /o 

Adjusted 

100 Nb 

I T l 
6 T i 
10 T i 
15 T i 
20 Ti 

25 Ti 
30 T i 

35 ' I i 

I M o 
2 .5 Mo 
5 Mo 
7.5 Mo 

10 Mo 

'25 Mo 

1 Cr 
5 C r 
10 Cr 
20 Cr 

25 Cr 
30 Cr 
36 Cr 

I V 

5 V 
7.5 V 
10 V 

12 .5 V 

25 V 

I Z r 

5 Z r 

10 Zr 

25 Zr 
35 Zr 

1 W 

5W 
10 W 

25 W 

I T a 
5 T a 

10 Ta 

25 Ta 

0 . 9 T i 
4 . 5 Ti 
g . O T i 
14.0 T i 
18,5 Ti 

23.0 Ti 
28.0 Ti 
32 .5 T i 

0.9 Mo 
2 .0 Mo 

4 . 5 Mo 
6.5 Mo 
9.0 Mo 

22 .0 Mo 

0 , 6 C r 
3 . 0 C r 
e .OCr 
11 ,5 Cr 
14 .5 Cr 
17 ,5 Cr 

20 .5 Cr 

0 .9 V 

4 , 5 V 
6.5 V 

8.6 V 
11.0 V 

21 ,5 V 

. , „ 

. . 

. . 

. . 
— 

„ » 

_. 
— 
- -

- ™ 

. . 
__ 
„~. 

. RATE CONSTANTS FOR REACTION OF NIOBIUM BINARY ALLOYS WITH UNDRIED AIR 
(INTERMITTENT-WEIGHING TESTS) 

As-Cast 

HardiiesSs 
VHN 

115 

108 
115 
135 
151 
150 

156 
189 

181 

126 
132 

166 
231 
201 

299 

120 
124 
147 

233 
345 
327 
429 

114 

160 
164 

172 
218 
194 

176 

167 
209 
272 

289 

127 
J 65 
196 

299 

125 
122 
120 

130 

Weight-Gain Rate, 

10-6 g/Ccm^X^ec), ^t 
Indicated Temperature 

600 C 

1.58 

1.61 

1,31 
0.04 

0.02 
0.03 
0 .01 

0.26 
0.04 

0.47 
0 .04 

0.07 
0.04 

0 .11 

0.56 

0.95 
0.97 
0.36 
0.014 

0.139 
0.206 
0.023 

1.0 

0.25 

0.05 
0.014 
0.026 

0.056 

1.97 

1.06 

0.083 
1.31 
0.056 

1,69 

0,86 
0 .81 

2 .31 

1.72 
2 .34 

2 ,85 

0.56 

800 C 

9,37 

6,01 
6 ,84 
2 .08 
0.67 
0.58 

0.17 
0,14 

1,95 

3.33 

0 .51 
0.58 
1.60 

0.53 

1.06 

8.29 
6.73 
6.79 
1.89 
1.42 
1.28 
0.118 

1.75 

0,39 
0.56 
0.195 
0.33 

1.69 

18.0 

11 .4 

7.01 
2.97 

U.61 

11 .4 

3.42 
4 .72 

8.62 

8.06 

9.65 

11.03 

7 .31 

1000 C 

6.73 

7 .24 

4 .37 
2 .14 

1,57 
1.47 

0 ,53 
1.06 
1.19 

3.67 
1.47 
1.28 

2.88 
2 .81 

11 .8 

9 .21 
7.82 
7.28 
2 .45 
1.70 
4 .20 
6.20 

3 .84 

1.28 
1.92 

0.98 
1.26 

53 .7 

10 .7 

37 .6 

2 8 . 1 
13 .8 

8.36 

16 .4 

15 .01 

7.23 

2 6 . 1 

18.97 
7.09 
5 .64 

17.03 

Weight-Loss Rate^^), 

10-6 g/(cm2j^sec). at 

Indicated Temperature 
600 C 

5.12 

3.25 
2.12 
0.0 

— 
— 

0,0 
._ 

0.0 

1.64 
._ 
._ 
_ . 

0.11 

0.195 

1.95 
1.31 
0.195 

- -
1.03 

__ 
0.0 

2.60 

0.36 
— 
(c) 
— 
+ 

3.06 
2 .72 
0.0 

5.36 
0.33 

3 .94 

2 .01 

1.95 
7.54 

4 .25 
5.28 

4 ,89 
13.90 

800 C 

20 .2 

14.46 
12.70 

4 .95 
._ 
- -
0.25 
_. 
0.083 

1.47 
. . 
_. 
_. 
4 .95 
7.34 

15.73 
8.87 

12.34 
_ . 
1.28 
— 
0.25 

2.30 

0.17 
— 
+ 

_. 
3,86 

29.0 

21.60 
15.30 

7.37 
0.B8 

26 .5 
9.24 

12.18 
24.20 

19.45 

22.15 
26.70 

19.56 

1000 C 

8.90 

17.15 
9.85 
4 .98 
— 
--

1.39 
. . 

2.19 

5.39 
__ 
" 
. . 

4 6 , 5 
39 .9 

17.80 
16.30 
15.45 

_. 
9.01 
- -

13.34 

8.98 

3.06 
. . 

1.95 
. -

110.8 

29.7 

39 .6 
38 .3 
24.0 

16.82 

36 .8 

38 .8 
20 .2 

70 .5 

44 .9 

15.19 

10.75 
14.40 

Oxygen-Diffusion Rate^ 
IO""* cm^ per sec, at 

Indicated Temperature 
600 C 

0.0865 

0.068 
0.013 
0.0062 

._ 

._ 
0.0052 

- -
0.0058 

0.085 
._ 

0.14 

— 
0.15 
0.025 

0.16 
0.19 
0.U98 

— 
1.1 

._ 
0.09 

0.022 

0.012 
„ 

0.011 

— 
0.079 

0.048 

0.027 
0.035 
0,087 
0 ,0 

0.12 

0,12 
0.09 
0 ,0 

0.022 

0.025 
0.67 

0.12 

800 C 

1.26 

3 .0 
0.50 
0.29 

_. 
_. 

0.03 
__ 

0.024 

1.9 
__ 

2.0 

— 
1.5 

0.33 

1.6 
1.5 
0 .9 

- -
0,16 

— 
(0,56) 

0,99 

0.51 

— 
0.34 

— 
0,080 

0.38 
0,064 

0,023 
0.064 
0.0 

1.8 

1.8 
2 .0 
2 .0 

1.1 
1,1 
1.0 

1.3 

1000 C 

7.56 

9 .4 
1.6 
0 ,71 

— 
— 

0.24 
— 

0.49 

4 .7 
_. 

(0.029)(b) 
._ 
— 
— 

8.0 
9.2 
6 .1 

— 
0,92 

— 
0.045 

6.7 
4 . 2 

— 
2 .2 

— 
0.13 

3 .4 

_-
0.012 

0.066 
0.012 

8.4 

8.0 

(0.71) 

5 . 1 

11.0 

(9.4) 

(1.3) 
6 .4 
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Alloy Addition 
(Balance Niobium), As-Cast 

a/o Hardness, 
Nominal Adjusted VHN 

0.2M:n -- 140 
I Ua — 139 
5 Mn 0,7 Mn 140 

0.2 Fe <0 , lFe 114 
1 Fe 0.4 Fe 146 
5Fe 1.9Fe 178 

0,2 Co — 136 
1 Co — 165 
5 Co — 249 

0.2 Ni <0.1Ni 144 
1 Ni 0.5 Ni 147 
5 Ni 2.3 Ni 230 

0.2 Al — 132 
1 Al — 131 
5 Al <0,7 Al 114 

0.2 Si 0.1 Si 166 
1 Si 0.7 Si 186 
6 Si 3.7 Si 330 

0.2 Be — 122 
1 Be — 113 
5 Be <0.1Be 110 

0.2 B 0.2B 103 
IB i.OB 111 
5B 5. OB 160 

TABLE 6. 

Weight-Gaio Rate, 
10"6 g/(cm2)(sec). at 
Indicated Temperature 

600 C 800 C 1000 C 

2.17 11.12 6.06 
1.20 10.55 6.14 
1.25 10.92 6.64 

1.83 8.90 9.90 
1.94 11.27 6.95 
1.53 6.26 6.95 

1.45 11.34 12.18 
1,03 11.64 10.46 
1.14 10.90 10.70 

1.99 7.59 8.43 
1.43 7.37 16.25 
1.42 8.76 12.87 

2.08 10.91 5.51 
2.22 10.33 6,26 
1.97 12,29 5.39 

1,92 14.46 5,95 
1,69 14.80 12.92 
2.86 18.63 28.8 

1.58 7.68 6.67 
1.92 8.65 5.98 
1.81 11.29 6.01 

1.61 10.92 5.54 
1.57 7.73 5.62 
0.83 2.86 4.20 

Weight-Loss Rate, 
10"6 g/(cm2)(sec), at 
Indicated Temperature 

600 C 800 C 1000 C 

4.34 25.6 14.19 
2.47 24.65 14.62 
2.67 25.20 16.05 

4.20 20.25 21.55 
4.53 26.16 16.0 
3.34 13.48 16.20 

3.02 26.15 15.12 
2.36 29.19 36.0 
2.50 28.50 19.50 

4,70 18.15 18.70 
3.69 19.15 39.2 
4.12 22.85 31.25 

4.51 25.0 13.82 
4,81 23.65 15.30 
4.39 27.75 13.20 

4.31 26.05 14,98 
3.59 26.80 26,93 
6.48 41.2 64.2 

3.48 17.6 15.11 
4.17 20.06 13.56 
4.06 26.20 11.09 

3.56 25.20 12.50 
2.17 17.70 12.50 
1.61 5.29 18.36 

Oxygen-Diffusion Rate, 
10"4 cm'̂  per sec, al 
Indicated Temperature 

600 C 800 C 1000 C 

0,20 1.3 (11) 
0.13 1.7 (5.7) 
0.10 1.6 (6.0) 

0.16 1.5 (13) 
0.099 2.1 (7.3) 
0.041 1.7 (3.0) 

0.12 2.0 (12) 
0.17 1.1 (9.2) 
0.16 (0.1) (1.8) 

0.059 0.79 (6.5) 
0.022 0.39 (0.35) 
0.11 0.78 (2.0) 

0.15 2.8 (14) 
0.13 2.9 (1.2) 
0.10 0.79 (8.2) 

0.04 0.61 0.41 
0.034 3.2 20 
0.56 3.8 18 

(a) Weight loss determined by mechanically removing scale. 
(b) Diffusion rates in parentheses are estimated; oxygen diffused through the centers of the samples. 
(c) Sample showed weight gain after removing scale. 
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Allof Addition,a/o 
(Compensated for Melting Losses) 

20 30 
Alloy Addifion,a/o ""'*®*® 

FIGURE S. Am OXIDAriON RATES OF NIOBIUM ALLOYS CONTAINING TITANIUM, MOLYBDENUM, CHROMIUM, 
AND VANADIUM CALCULATED FROM WEIGHT-GAIN DATA 
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FIGURE 9. AiR-OXIDATION RATES OF NIOBIUM ALLOYS CONTAIMNG TUNGSTEN. TANTALUM, AND ZIRCONIUM, CALCULATED FROM INTERMITTEKT 
WEiGHT-GAIN DATA 
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FIGURE 10. AIR-OXIDATION RATES OF NIOBIUM ALLOYS CONTAINING BORON AND SILICON. 
CALCULATED FROM INTERMITTENT WEIGHT-GAIN DATA 
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TABLE 7. OXIDATION BEHAVIOR OF NIOBIUM BINARY ALLOYS IN DRY AIR (CONTINUOUS WEIGHING TESTS) 

Alloy 
System 

V 

M o 

W 

C r 

T i 

Z r 

F e 

R e 

Nonninal 
Addition 
(Balance 
Niobium.), 

a / o 

5 
7 . 5 

10 
12.5 
15 
17.5 
25 

2 . 5 
5 
7 . 5 

10 

1 

5 
10 
12.5 

4 .5(c) 
6(c) 

12.5(c) 
24(c) 

10 
20 
25 
30 
35 

10 
25 
35 
4 5 

1 
5 

5 

Parabo l i c 
Reaction Ra t e , 

10-8 g2/ (cm4)(sec 

4 .35 
2 .73 
1.71 
1.19 
2.48 
2.20 
--
6.20 
3.69 
1. 14 
2 .13 

— 
3.11 
3.03 
3.17 

1.65 

— 
— 
— 

6.11 
1.41 
1.42 
1.19 
1.54 

— 
41 .6 
29.6 
12.6 

-_ 
--
— 

Oxidation Be 
Time for 

Trans i t ion 
to L inea r , 

1 min 

>360 
>360 
>360 
>360 

200 
80 

0 

240 
210 

>360 
100 

0 
10 

5 
5 

15 

— 
— 

0 

30 
4 0 

250 
190 

20 

0 
35 

120 
>360 

0 
0 

0 

lavi 

R e 
1 0 -

or at 1000 C 

Linear 
act ion Rate(a)^ 
6 g/(cm2)(sec) 

_ „ 

__ 
— 
--

0.722 
3. 11 

73 .9 

1.01 
0.827 

— 
0.911 

(9.7) 
(8.3) 
(7.5) 
9 . 5 

(1.9) 
(3.6) 
(1.3) 
4 1 . 6 

3. 14 
1.06 
0.722 
1.61 
1.44 

17.2 
7 .08 
2 ,72 

— 
7 . 0 
7 . 3 

21.4 

Weight Gain 
After 5 Hr(b) , 
10-3 g per cm2 

27 
22 
17 
15 
22 
33 

(1330) 

33 
25 
15 
23 

136 

(150) 
106 

(170) 

36 
37 
15 

(750) 

61 
24 
17 
25 
30 

(310) 
135 

78 
4 8 

(130) 
(130) 

(390) 

P a r a b o l i c 
React ion Rate(a) 

Oxidation Be 
Time for 

Transi t ion 
to L inea r , 

10-8 g2/(cm4)(sec) min 

15.9 
9 .30 
4 . 9 5 
7 .22 
7 .55 

(5.6) 
— 

26.0 
15.7 
6 .14 
6.72 

__ 
28 .3 
17.8 
21.9 

16.0 
— 
— 
— 
»_ 

16.7 
5.36 
6.00 
8,33 

32 .2 
62 .5 
4 4 . 5 
32 .8 

(3.2) 
(5.3) 

— 

35 
30 
50 
55 
20 
35 

0 

15 
20 
55 
35 

0 
80 

180 
>360 

10 

— 
15 

0 

0 
20 
30 
25 
10 

20 
30 
15 
50 

10 
15 

--

lavior at 1200 C 

Linear 
Reaction Rate(a) 
10-6 g/{cm2)(sec) 

4 .97 
4 .30 
4 .22 
6.83 
7.91 

19.1 
(55) 

10.0 
5.84 
6.42 
2 . 5 

(19.4) 
3.75 
1.75 
— 
6.45 

(8.3) 
(9.2) 
19.7 

11.8 
6.50 
2.94 
2.78 
4.89 

13.5 
8.66 
7.61 
4 .42 

10 
13.2 

(19) 

Weight Gain 
After 2 Hr(b) . 
10-3 g pej. cm2 

4 4 
4 3 
36 
37 
57 

116 
(400) 

63 
4 3 
37 
29 

(140) 
4 5 
35 

39 

56 
72 
72 

139 

91 
S3 
27 
27 
39 

(97) 
80 
71 
52 

79 
4 8 

(130) 

(a) Reaction rates in parentheses are estimated. 
(b) Weight gains in parentheses are extrapolated. 
(c) Corrected compositions. 
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Titanium additions up to 25 a /o a r e effective in improving the oxidation res i s t ance 
at both 1000 and 1200 C. The reac t ion curves changed f rom completely l inear for un­
alloyed niobium to a lmost completely parabol ic at 25 a /o t i tan ium, as seen in Appen­
dix B . Photographs i l lus t ra t ing the cha rac t e r of scale formed a r e shown in F igure 13. 
The p resence of the white porous layer formed on the 25 a /o t i tanium alloy is indicative 
of the t r ans i t ion f rom parabol ic to l inear behavior . 

Zi rconium additions up to 25 a /o effected no improvement at 1000 G and only 
slight improvement at 1200 C. Additions of 35 and 45 a /o were increasingly effectives 
promoting protect ive sca les and parabol ic behavior . The scale on niobium-45 a /o 
z i rcon ium is i l lus t ra ted in F igure 14. 

m 

FIGURE 14. PHOTOGRAPH OF NIOBIUM-45 a /o ZIRCONIUM OXIDIZED 
6 HR IN AIR AT 1000 C 

Vanadium and molybdenum additions w e r e s imi l a r in that both effectively i m ­
proved the oxidation behavior at low alloying levels but dec rea sed the oxidation r e s i s t ­
ance at higher l eve l s . The mos t ox ida t ion- res i s tan t composi t ions in these sys tems a r e 
n iobium-12. 5 a /o vanadium and n iobium-7, 5 a /o molybdenum. Photographs of oxidized 
saixiples a r e shown in F igu re s 15 and 16. 

Txingsten additions produced a minor beneficial effect on oxidation behavior at 
1000 C but were quite effective in improving the oxidation behavior at 1200 C. The 
niobium-10 a /o tungsten alloy ejdaibited parabol ic behavior longer at 1200 C than did 
any other b inary al loy. Two oxidized samples of the 5 a /o tungsten alloy a r e shown 
in F igure 17. 

Four ch romium alloys were t e s t ed , two of which were exposed as cas t owing to 
the fabr icat ion difficulties encountered in this sys t em. Alloys containing up to 12.5 a/o 
ch romium showed improved oxidation res i s tance^ but a 24 a /o chromium alloy oxidized 
m o r e rapidly than unalloyed niobium. 
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*"i 

a. Niobium-12. 5 a /o Vanaditim 

b . Niobium-17. 5 a / o Vanadium 

FIGURE 15. PHOTOGRAPHS OF NIOBIUM-VANADIUM ALLOYS 
OXIDIZED 6 HR IN AIR AT 1000 C 
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a. Niobium-2, 5 a / o Molybdenum 

b . Niobium-7. 5 a /o Molybdenum 

FIGURE 16. PHOTOGRAPHS OF NIOBIUM-MOLYBDENUM ALLOYS 
OXIDIZED 6 HR IN AIR AT 1000 C 
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a. Oxidized 3 Hr at 1000 C 

v % * 

b . Oxidized 2. 5 Hr at 1200 C 

FIGURE 17. PHOTOGRAPHS OF NIOBIUM-5 a /o TUNGSTEN 
OXIDIZED IN AIR 
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No significant effect was observed up to 5 a /o iron., but the addition of 5 a /o 
rhen ium caused an i nc rea se in the oxidation r a t e s . 

Scale Examinat ion. The sca les on a l l of the b inary alloys were examined visual ly 
and meta l lographica l ly . Selected sca les were a lso analyzed chemical ly and by X- ray 
diffraction. Most of the a l loys , especia l ly those which did not exhibit improved oxida­
tion r e s i s t a n c e , formed sca les s imi l a r to those formed on pure niobium, i . e . , a thin, 
da rk , adherent u n d e r l a y e r , and a p o r o u s , whi te , outer sea l . Beneficial addi t ions , 
including c h r o m i u m , molybdenum, t i t an ium, and vanadium, appeared to stabil ize the 
subsca l e , allowing it to grow to a g r e a t e r t h i cknes s , and to reduce the amount of porous 
outer oxide. The nonprotect ive oxides which formed at 1000 C on higher alloys of 
c h r o m i u m , molybdenum, and vanadium were d a r k , and appeared to have been par t ia l ly 
liquid during oxidation. 

Metallo graphic examinat ion revea led s ing le -phased gray sca les on a l l a l loys , 
s imi l a r to those on pure niobium. In ternal oxidation o c c u r r e d in the n iobium-t i tanium 
and n iob ium-z i rcon ium alloy c o r e s , a s can be seen in F igure 18. 

Chemica l ana lyses of se lec ted sca les formed in undried a i r at 800 C a r e given in 
Table 8. Unfortunately, the bes t al loys formed too li t t le sca le to pe rmi t sampling for 
ana lys i s . Scales on the n iob ium- tan ta lum, - tungsten, and - z i r con ium alloys dec reased 
in oxygen content to 21 . 8 to 23. 4 w / o oxygen alloys at the 25 a /o alloying level com­
p a r e d with 27. 3 w/o oxygen analyzed on the pure niobium scale and 30, 1 w/o oxygen in 
s to ich iomet r ic Nb205. The oxides of these me ta l s ( T a 2 0 5 , •WO3, and Z r02 ) contain 
l e s s than 26 w / o oxygen, indicating that the sca les may be a mix ture or double oxide of 
Nb205 with the add i t ion-meta l ox ides . However , low alloys with ch romium and t i t a ­
nium also formed sca les with lower oxygen content than pure niobium, although the i r 
oxides (Cr203 and Ti02) contain m o r e than 40 w/o oxygen. 

Metal ana lyses of the sca les suggest that tanta lum and z i rconium a r e enr iched in 
the s c a l e , while niobium and t i tan ium enter the sca le in the same ra t io as in the al loy, 
and c h r o m i u m , molybdenum, and vanadium a r e depleted in the sca le as compared with 
the al loy. No conclusions a r e poss ib le in the ca ses of a luminum- , coba l t - , i r o n - , 
m a n g a n e s e - , n i c k e l - , or s i l icon-al loy sca les since the alloying levels were al l l e s s 
than 0. 5 w / o . 

X - r a y diffraction identifications of sca les formed at 1000 C a r e given in Table 9. 
The t i tan ium and z i rcon ium sca les contained complex oxides , identified f rom the pa t ­
t e rn s published by Roth and CoughenourCH). The lower molybdenum- , tungs ten- , and 
vanadium-al loy sca les contained modified Nb20c , -while the 24 a /o chromium and 25 a /o 
vanadium sca les were composed of an unidentifiable oxide. The p re sence of meta l l ic 
tungsten in the niobium-10 a /o tungsten sca le r e su l t s f rom the low thermodynamic 
s tabi l i ty of WO3 compared with Nb205 . 

Contamination Studies . The contamination r e s i s t ance of a l l al loys was evaluated 
by KHN t r a v e r s e s in the same manner as was done for pure niobium. The data for the 
n iobium-t i tan ium, - c h r o m i u m , and - z i r c o n i u m al loys a r e r ep resen ta t ive of those o b ­
ta ined and a r e sho-wn in F i g u r e s 19 and 20. The diffusion r a t e s assoc ia ted with the con­
taminat ion cu rves w e r e a s s u m e d to r e p r e s e n t the oxygen-diffusion r a t e s , since oxygen 
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N b ^ O s - T i O z 
s c a l e 

H a r d zone 

T i t a n i u m 
s u b s c a l e 

B a s e 
a l l oy 

250X N44398 

a . N i o b i u m - 3 0 a / o T i t a n i u m Al loy 

N b ^ O g - Z r O ^ 
s c a l e 

Z i r c o n i u m 
s u b s c a l e 

B a s e 
a l l o y 

lOOX N44405 

b . N i o b i u m - 3 5 a / o Z i r c o n i u m A l l o y 

F I G U R E 18, P H O T O M I C R O G R A P H S SHOWING S C A L E S AND S U B S C A L E S 
F O R M E D DURING 6 - H R AIR OXIDATION A T 1000 C 



36 

TABLE 8. ANALYSES OF SELECTED NIOBIUM ALLOY SCALES FORMED BY REACTION 
WITH UNDRIED AIR AT 800 C (INTERMITTENT-WEIGHING T K T S ) 

Alloy 

Alloy 
Addition 

None 

Ti 

V 

Coinposition (Balance Niobium) 
Estimaterf*) 

Nominal Actual 
Addition Addition, 

a /o w/o w/o 

100 

5 
10 
25 

5 

10 

100 

2 .6 
5.4 

14.7 

2 .8 

5.8 

100 

2 .4 
4 .7 

13.6 

2 .4 

5.0 

Exposure 

T ime , 
hr 

5 

5 
10 
20 

10 

10 

Chemical Analysis of Scale 

AUoyCb) 

Additions 

w/o 

0 

1.40 
4 .02 

10.0 

1.34 

OxygenC*^), 

w/o 

27 .3 

28 .0 
23.7 

_. 

NlobiumCb), 

w/o 

Balance 

Balance 
Balance 

— 

Remarks 

Nb205 contains 3 0 . 1 w/o oxygen 

Sample too small for accurate 
calculations 

Sample gained weight; insuf­
ficient oxide for chemical 
analysis 

Mo 

Ct 

Ta 

W 

Zr 

Al 

Fe 

Si 

Mn 

Co 

Ni 

25 15.5 

5 5 .2 

25 25.6 

5 2 .9 

25 15.7 

5 9,3 
25 39 .3 

5 9 .4 

25 39.8 

5 4 .9 
25 24.6 

1.51 

0,60 

0.30 

0.59 

0.64 

0.63 

13.2 

5.2 

22 .5 

1.7 

9 . 1 

9 .3 
39 .3 

9 .4 

39 .8 

4 .9 

24 .6 

<0.2 

0.23 

0.23 

0,04 

0.30 

0.30 

20 

5 

5 

5 

5 
5 

5 

1 

5 
5 

5 

5 

5 

5 

S 

5 

8.1 

1.50 

4 .03 

0.22 

2.56 

9 .4 

40 .0 

6 .0 
21.2 

4 . 5 

24.0 

0.05 

0 .31 

0.60 

0.09 

0 .01 

0.04 

18 .1 52.7 

24 .2 Balance 

28 .4 67.8 

Sample lost following oxidation 

M0O3 probably volatilized 

Sample too small for accurate 

calculations 

30.0 
23.4 

27.6 
23.3 

25 ,5 

21 .8 

Balance 

Balance 

Balance 

Balance 

Balance 

Balance 

Balance 
Balance 

Balance 

Balance 

Balance 
Balance 

69 .3 

68.2 

67.9 

6 8 . 1 

67 .5 

69.0 

(a) Estimated from weight-loss data during melting and spectrographic analysis. 

(b) By wet chemical analysis. 

(c) Vacuum-fusion analysis. 
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TABLE 9. OXIBES FORMED ON NIOBIUM ALLOTS IN AIR AT 1000 C 

Alloy 
Composition 

(Balance Mioblum), a/o 

5 Ti 

Air Atmosphere 

Undried 

Inner 
Scale 

. . 

Oxide P bases 
Outer 
Scale 

M"* H -NbgOgCa) 

Remarks 

Higher symmetry than Nb205 

10 Ti 

20 Ti 

Dry 

Dry 

M + H-NbgOg and M + H-NbgOg and 
•t-SNbgOs^TiOg 3Nb205-Ti02 

M + H-Nb205, M + H-M)205, 
3Nb20g»Ti028 and 3Nb20g^Ti028 and 
NbgOg.TiOg NbgOg^TiOg 

25 Ti 

30 Ti 

45 Zr 

5 V 

10 V 

12.6 V 

25 V 

1 Mo 

5 Mo 

7.5 Mo 

10 Mo 

3 Q 

6 Q 

14.6 Q 

24 Cr 

low 

Undried 

Dry 

Dry 

Undried 

Undried 

Dry 

Dry 

Undried 

Undried 

Dry 

Dry 

Undried 

Undried 

Undried 

Dry 

Dry 

M-NbgOg 

M + H - NbgOg and 
SNbgOg^TiC^ 

M - Nb205. ZrOg, 
and Nb205» eZrOg 

M ' + H ' - NbgOg 

M ' ' + H ' ' - Nb20g 

M + H - Nb205 

_. 

M^-NbgOg 

M - Nb205 

M" + H " - NbgOg 

M + H - Nb20g 

— 

— 

— 

_. 

'"*° 

M-Nb205 

M + H - Nb20g and 
SNbgOg* TiOg 

M - Nb206, Zr02, 
and Nb205«6Zr02 

M" + H^ - NbgOg 

Unknown phase 

M + H " - Nb20g 

Unknown phase 

H - NbgOg 

M - Nb205 

H ' - N b ^ g 

M " + H - NbgOg 

M - Nb206 

M'' + H ' ' -Nb205 

M ^ ' + H " - MbgOg 

Unknown phase 

M ' - f H - Nb20g 
and W 

Monoclinic oriented Zr02 In 
botli scales 

Inner scale oriented 

Inner scale oriented 

Marked shift in lattice 
parameters 

Same pattern as 25 a/o V 

Same pattern as 10 a/o Mo 
plus metallic tungsten 

(a) H and M Indicate slight shift In lines compared to H and M - Nb205^ 
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was concluded to be the major contaminant in unalloyed niobium. The diffusion ra t e s in 
each alloy and the assoc ia ted act ivat ion energies^ as de te rmined graphically from 
diffusivi ty-inverse t e m p e r a t u r e plots^ a r e given in Table 10. Ti tanium in amounts 
f rom 10 to 35 a /o and z i rconium in the 20 to 35 a /o range were mos t effective in r e ­
ducing oxygen-diffusion r a t e s . The apparent mechan i sm involved is reac t ion of the 
oxygen to p rec ip i t a te e i ther t i t an ium or z i rcon ium oxide, forming the in terna l scale 
noted prev ious ly . The Z0.5 a /o c h r o m i u m and Z5 a /o vanadium alloys also had lower 
oxygen diffusivities than unalloyed niobium. 

Niobium T e r n a r y Alloys 

The effects of t e r n a r y alloying were evaluated f i rs t by a screening survey on the 
oxidation behavior at 600 to 1000 C of a l a rge number of cast a l loys . The mos t a t t r a c ­
tive sys tems were subsequently further studied by continuous-weighing t e s t s on wrought 
t e r n a r y alloy s t r i p s at 1000 and 1200 C. The p rocedures followed in these tes t s were 
ident ical to those followed in the evaluation of binary a l loys . 

In te rmi t ten t Weight-Gain T e s t s . Alloys surveyed in the cas t condition consis ted 
of t e r n a r y combinations of chromium^ molybdenxim^ titanitun^ and vanadium with 
niobium^ and t e r n a r y additions of aliiminum^ iron^ nickel^ silicon^ vanadium^, tungsten^ 
and z i rconium to n iob ium-ch romium, -molybdenum^ -t i tanium^ and -vanadium b a s e s . 
The alloys invest igated and the r e su l t s obtained a r e given in Table I I as average 
l inear oxidation r a t e s , although l inea r and parabol ic behaviors cannot be dist inguished 
in this type of t es t . 

Chromiura , molybdenuna, and vanadium additions significantly improve the oxi­
dation r e s i s t a n c e of al loys containing modera te amounts of titaniuna. However , this 
improvement d e c r e a s e s with inc reas ing t i tanium content^ and only slight improvement 
is indicated at 25 to 30 a /o t i t an ium, A typical example is the effect of vanadium on the 
oxidation r a t e s of n iobium-t i tan ium alloys^ seen in F igure 21 . 

The in ter effects of c h r o m i u m , molybdenum, and vanadium appear s imi la r to those 
found for n iob ium- t i t an ium-base a l loys , in that t e r n a r y alloying becomes l e s s effective 
as the min ima obse rved in the b inary s y s t e m s a r e approached . 

T e r n a r y addit ions of silicon^ t an ta lum, tungsten , and z i rcon ium inc reased the 
oxidation r a t e s of n iob ium-ch romium, -molybdenum, and -vanadium a l loys , as seen in 
Table 10. Smail amounts of si l icon a r e de t r imenta l to oxidation r e s i s t ance both as 
b inary and t e r n a r y addi t ions , although the m e c h a n i s m of this effect is not known. 
Aluminum and nickel had l i t t le effect as t e r n a r y additions at the low levels invest igated. 

T e r n a r y additions of 1 to 5 a /o a luminum, cobalt , i r o n , n ickel , s i l icon, tungsten, 
or 12.5 a /o tantalum, to b inary bases containing 12,5 to 24 a /o t i tanium had li t t le effect 
on the oxidation behavior . However , addition of 12. 5 a /o z i rconium to n iobium-12. 5 
a / o t i tan ium caused an i n c r e a s e in the oxidation r a t e . 

Continuous Weight-Gain T e s t s . Eleven co-mpositions were further evaluated by 
continuous-weighing oxidation t e s t s at 1000 and 1200 C. Nine of these alloys were 
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TABLE 10. ACTIVATION ENERGIES FOR OXYGEN 
DIFFUSION FROM AIR IN NIOBIUM-
RICH BINARY ALLOYS 

Alloy Activation Ene rgy , Q, 
System cal pe r mole 

P u r e niobium 24,900 

Niobium-t i tanium 30,800 

Niobium-chromium 21,300 

Niobium-vanadium 31,600 

Niobium-tanta lum 35,100 

Niobium-tungsten 24,400 

Niobium-manganese 23,000 

Niobium-i ron 26,600 

Niobium-cobal t 21,700 

Niobium-nickel 24,000 

Niobium-aluminum 28,000 
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TABLE U . WEIGHT-GAIN AND WEIGHT-LOSS RATES FOR NIOBIUM TERNARY ALLOYS 
OXIDIZED IN AIR (INTERMITTENT-WEIGHING TESTS) 

Alloy Composition 
(Balance Niobium)!^), a /o 

Cast 
H a r d n e s s , VHN 

Weight-Gain R a t e , 
10-^6_g/{cm2){sec) 

600 C 800 C 1000 C 

Weight -Loss R a t e , 
10-6 g/(cm2Ksec) 

600 C 800 C 1000 C 

1.58 9 .35 6 . 7 2 5. 11 2 0 . 2 8.88 

Niobium-Vanadium-Base Alloys 

10 V 
2. 5 V-2 . 5 Mo 
2. 5 V-5 Mo 
5 V-2. 5 Mo 
5 V-5 Mo 
2 .5 V-17 .5 Ti 
5 V-5 Ti 
5 V-10 Ti 
5 V-15 Ti 
5 V-20 Ti 
7. 5 V-2 . 5 Ti 
2 .0 V-0 . 4 Cr 
2. 1 V - 1 . 7 Cr 
3.8 V-0 . 7 Cr 
3.8 V-0. 4 Cr 
4 . 8 V-14. 2 Cr 
5 V-20 Zr 
5 V-5 W 
5 V-5 Ta 
10 V-5 Ni 

172 
149 
164 
166 
197 
168 
170 
179 
193 
194 
185 
145 
166 
207 
201 
303 
287 
227 
188 
299 

0.028 
0.058 
0.042 
0 .053 
0. 033 
0.031 
0.028 
0.045 
0.033 
0.028 
0. 031 
0. 120 
0.047 
0.061 
0.033 
0 .013 
0.189 
0.100 
0.025 
0.042 

0.194 
0.41 
0 .68 
0 .44 
0 .78 
0. 38 
0 .58 
0 .98 
0.41 
0.26 
0 .45 
2.41 
2 .13 
0.79 
0.99 
0 .15 
2.16 
2.71 
2 .04 
0. 30 

0.972 
1. 14 
1. 15 
1.19 
0.88 
0 .95 
1.53 
1. 10 
0.92 
0.78 
1.20 
4 .28 
2.65 
2.27 
2.41 
1.61 
5.58 

10.1 
4 .49 
1. 13 

+IB, 
0.010 
0.054 
0.003 
0.39 

+ 
+ 
+ 
+ 
+ 
+ 

0.049 
+ 

0.023 
+ 

0.99 
0.59 
0.27 

+ 
0. 103 

+ 
0.36 
1.39 
0.475 
1.56 
0.77 
1. 15 
3.12 
1.00 
0.033 
0.052 
3.63 
2.41 
0.84 
1.10 

+ 
5.08 
9.02 
1.21 

+ 

1.94 
1.70 
1.80 
1.81 
2.51 
1. 17 
2.62 
1.65 
1.16 
0.90 
2.96 
7.27 
4 .56 
3.96 
4.30 
2.50 
9 .65 

26.6 
8 .41 
1.38 

Niobium-Molybdenum-Base Alloys 

5 Mo 
5 Mo-5 Ti 
5 Mo-10 Ti 
5 Mo-15 Ti 
5 Mo-20 Ti 
10 Mo-10 Ti 
2. 1 Mo-2 . 5 Cr 
4 . 2 M o - 1 . 5 Or 
4. 2 Mo-2 . 3 Cr 
4 .7 Mo-10. 6 Cr 
5 Mo-5 W 
5 Mo-12. 5 Ta 
5 Mo-5 Ni 
5 Mo-1 Al 
5 Mo-1 Si 

166 
166 
314 
212 
185 
225 
155 
164 
196 
279 
224 
186 
256 
172 
235 

0.083 
0.031 
0.028 
0.031 
0.056 
0.045 
0.050 
0.044 
0. 036 
0.029 
0.035 
0.028 
0. 124 
0.053 
0.026 

0.584 
2.70 
2.04 
0.98 
0.47 
1.96 
0.66 
0.49 
0.48 
1.15 
3.72 
2. 11 
0.90 
0.53 
2.71 

1.28 
1.97 
1.07 
0.85 
0.75 
0.93 
1.14 
1.29 
1.80 
0. 47 
6.12 
1.22 
1.99 
1.01 
4 .28 

0.033 
+ 

^ 
+ 
f 

0. 078 
0.060 
0.059 
0.014 
1.04 
0.057 
0.81 
0.033 
1. 13 

9 .74 
6.06 
3.22 
0.99 
6.41 
2 .15 
0.70 
3.48 
4 .63 

10. 23 
5.02 
1.79 
1.16 
6.41 

4. 24 
1.91 
1.13 
0.86 
1.60 
1.98 
3.07 
5.84 
0. 50 

18.44 
3. 15 
3.77 
2.59 

11.20 

Niob ium-Chromium-Base Alloys 

15.2 Cr 
1.0 C r - 9 . 1 Ti 
2.4 C r - 1 8 . 2 Ti 
4. 3 C r - 1 2 . 3 Ti 
4. 1 C r - 5 . 2 Ti 
8.8 C r - 1 2 . 1 Zr 
8.9 C r - S . J W 
8.0 C r - 1 2 . 6 Ta 
7 .8 C r - 0 . 0 4 Ni 
19.7 Cr-O. 5 Al 
18.4 Cr-O. 8 Si 

345 
151 
165 
183 
180 
299 
279 
192 
258 
287 
325 

0.14 
0 .025 
0.081 
0.067 
0.022 
0.89 
0. 033 
0.24 
0.42 
0. 17 
0.20 

1.42 
1.26 
0. 29 
0.45 
1.49 
1.65 
2 .33 
1.83 
9 .94 
0.40 
2.57 

1.69 
1.40 
0. 70 
1.08 
1.47 

10.28 
2 .83 
9 .45 
6.39 
3.00 
6 .55 

1.03 
+ 

0. 11 
+ 
+ 

3.85 
0. 15 
0.73 
1.28 
1.21 
0.96 

1.28 
3.61 
0.29 
0.66 
4. 74 
6.47 
8.47 
4 .85 

22.2 
0.77 
9 .54 

9 . 0 
3.05 
0.95 
1.74 
2.38 

20.8 
5.27 

19.74 
13. 1 

5.93 
11.56 

Hiobium-Ti tan ium-Base Alloys 

. 5 Ta 

25 Ti 
12.5 Ti -12 . 5 Zr 
20 Ti -5 W 
12.5 Ti-12. 
23 Ti-2 Ni 
25 T i -5 Ni 
23 Ti -2 Fe 
23 Ti -2 Go 
24 Ti-1 Si 
24 T i -1 Al 

156 
197 
198 
143 
215 
253 
168 
213 
198 
166 

0.028 
0.011 
0.031 
0.028 
0.061 
0.028 
0.029 
0.023 
0.050 
0.044 

0.167 
0 .83 
0.50 
1.61 
0 .31 
0.19 
0.23 
0.20 
0.29 
0.27 

0.528 
2.94 
0.77 
2.20 
2.10 
0.82 
0.99 
1.03 
1.08 
1.10 

0 
0 

0 

0 
46 
+ 
+ 
4 8 
+ 
+ 
+ 
+ 
t 

0.25 
3.30 
2.04 
4.56 
0.66 

+ 

0.027 
+ 

0. 143 
0. 155 

1.39 
4 . 1 3 
1.11 
3.85 
3.36 
1.22 
1.34 
1.41 
1.41 
1.55 

(a) Composit ions for chromium-containing alloys a re cor rec ted on the bas is of weight losses during melt ing. 
(b) P lus sign indicates specimen gained weight. 
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FIGURE 21, EFFECTS OF VANADIUM ON OXIDATION RATES OF NIOBIUM-TITANIUM ALLOYS AT 1000 C IN AIR 
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niob ium- t i t an ium-base with t e r n a r y addit ions of c h r o m i u m , molybdenum, and vanadium, 
while two w e r e n iob ium-molybdenum-chromium and niobium-molybdenum-vanadium. 
The n iob ium- t i t an ium-base alloys were hot fabr icable but the n iobium-molybdenum-base 
al loys w e r e unfabricable and were tes ted in the cas t condition. Hardness and f ab r i ca ­
t ion data on these t e r n a r y alloys is given in Appendix A. 

Rate data for the reac t ion of t e r n a r y alloys a r e given in Table 12, These data 
general ly confirm the r e s u l t s obtained f rom the screening su rvey , but also show that 
some improvement over the bes t b inary alloys is poss ib le . React ion curves for these 
t e r n a r y alloys a r e given in Appendix C. 

Niobium-t i tan ium-vanadium alloys oxidized at modera te ly low r a t e s , but the t ime 
per iod for parabol ic oxidation was l e s s than for e i ther the niobium-t i tanium or 
-vanadium binary a l loys . The subsequent l inear r a t e s were low, however . The bes t 
alloy of the th ree t e s t ed was niobium-16 a /o t i t a n i u m - 8 , 5 a /o vanadium, which had 
approximate ly the s a m e oxidation ra t e as n iobium-25 a / o t i tan ium, the bes t b inary 
al loy. The oxidized samples a r e shown in F igure 22. 

Each of the n iobium-t i tan ium-molybdenum t e r n a r y alloys formed adherent sca les 
and showed parabol ic behavior over the 6-hr t e s t per iod at 1000 C, The weight gains at 
both 1000 and 1200 C w e r e comiparable with those of the bes t b inary a l loys . However , 
the observat ion of white smoke during tes t ing of the 17, 5 a /o t i t an ium-6 a /o molyb­
denum and 23 a /o t i t an ium-8 a /o molybdenum alloys at 1000 C indicates that M0O3 was 
volati l izing f rom the s ca l e . Thus , these composi t ions a r e not a t t rac t ive in spite of 
the i r low weight gains . 

Niobium-t i tanium-chromium, alloys exhibit good oxidation res i s t ance a t both 1000 
and 1200 C. Although parabol ic behavior does not extend for m o r e than 1 h r , the l inear 
r a t e s a r e low. The niobium-20 a / o t i t an ium-2 a /o ch romium and niobium-28 a /o 
t i t an ium-6 a /o c h r o m i u m alloys show 8 and 15 per cent i m p r o v e m e n t s , r espec t ive ly , 
over the bes t b inary al loy, based on 5-hr weight gains . 

Niobium-molybdenum-base alloys a lso show improved o3ddation r e s i s t a n c e . 
Niobium-7, 5 a /o molybdenum-10. 5 a / o ch romium oxidized 20 per cent slower than 
niobium-25 a /o t i t an ium. Molybdenum oxide apparent ly does not volat i l ize f rom the 
sca les on these a l loys , a s no smoking was obse rved . 



TABLE 12. OXIDATION BEHAVIOR OF NIOBIUM TERNARY ALLOYS IN DRY AK (CONTINUOUS-WEIGHING TESTS) 

Oxidation Behavior at 1000 C 

Corrected Alloy Composition 

(Balance Niobium)Ca). a /o 

Parabolic Reaction 

Rate, 
10-8 g2/(cm4)(sec) 

T i m e for 

Tramition 

to Linear, 

mitt 

Linear 
Reaction Rate, 

10"6 g/(cjifi%sec) 

Weight Gain 

A t e r 5 Ht, 
10-3 g per cm^ 

Oxidation Behavior at 1200 C 

Parabolic Reaction 
Rate, 

10-8 g2/(cm4)(sec) 

Time for 

Transition 

to Linear, 

min 

Linear Weight Gain 

Reaction Rate, After 2 Hr, 
10-6 g/(cm2)(sec) 10"3 g per cm^ 

10 .5Ti-5V 
16Ti-8.5V 
2 2 . 5 T i - l l V 

1.52 
0.87 
1.37 

70 

80 

25 

Niobium-Titanium-Vanadium Alloys 

0.80 

0 .65 

2 . 8 

20„3 
15.7 
46 .5 

14„9 
7 ,2 
7 .5 

20 

40 

10 

4,6 
2.6 
5 .1 

44.0 
27.2 
43.2 

12Ti-4Mo 
17, 5Ti-6Mo 
23Ti-8Mo 

L 9 0 
1,38 
1.29 

Niobium-Titanium-Molybdenum Alloys 

>360 - - 18.3 4.7 

>360 - - 16 .2 6 . 5 
>360 - - 15.3 6.6 

10 

5 
15 

(4.3) 
(3.7) 
4,3 

40.0 

39 .4 

30 .5 

12Ti-1 .5Cr 
20Ti-2Cr 

28Ti-6Cr 

1,39 
0 .22 
0 .32 

15 
60 
45 

NioMum-Titanlum-Chromium Alloys 

1.39 
0 ,83 
0 .65 

30 .6 
13.6 
12.6 

(2.7) 

1.9 

0 
5 

10 

5.6 
4 . 5 
4 .3 

53.6 
39.7 
31.7 

5.5MO-8V 
7 .5Mo-10.5Cr 

1.1 
0.79 

>360 
>360 

Nioblttm-Molybdenum-Base Alloys 

14.0 

11.9 
10,2 

1.33 

240 
10 

1.53 
2 ,3 

26.6 
19.1 

(a) Niobium-t i tanium-base conapcBitioiis were corrected on the basis of spectrographic Analyses; niobium-molybdenum-base compositions are estimated on the basis of 

melt ing weight ^"•"^ 
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i * .*. 

a. O x i d i z e d 6 H r a t 1000 C 

^ ^ '^« 

•Jall»%v*l.^ 

b . O x i d i z e d 6 H r a t 1200 C 

F I G U R E 22. P H O T O G R A P H S O F N I O B I U M - 1 6 a / o TITANIUM-
8 . 5 a / o VANADIUM OXIDIZED IN AIR 
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DISCUSSION 

Theore t i ca l Aspects 

The oxidation behavior of me ta l s can usual ly be c lass i f ied into one or more of 
four types^ according to the t ime-dependent na ture of the oxidation reac t ion , (^^z These 
types a r e the logari thmic^ cubicj pa rabo l i c , and l inear r e l a t ionsh ips , and a r e wr i t ten 
as 

W = kg. log (At + 1) (logarithmiic), (3) 

W^ = k^t (cubic), (4) 

W^ = kpt (parabol ic) , (5) 

W = k^t ( l inear ) , (6) 

where 

W is the specific weight gain, g per cm^ 

k is the r a t e constant 

A is a constant 

t is t i m e , s e c . 

The logar i thmic re la t ionship desc r ibes the growth of ve ry thin f i lms , up to thick­
n e s s e s of 100 A or s o , such as the f i lms which form on a luminum at room t e m p e r a t u r e . 
The cubic re la t ionship holds for slightly th icker f i l m s , such as those formed on copper 
between 100 and 250 C. Since these re la t ionships a r e applicable to re la t ively thin films 
formed at lower t e m p e r a t u r e s , they a r e not applicable to the p r e sen t study and will not 
be d i scussed fur ther . 

The parabol ic re la t ionship has been found to desc r ibe the oxidation behavior of 
many meta l s and a l loys . The theo re t i ca l aspec t s of pa rabo l ic behavior have been well 
developed by Wagner , Hauffe, and o t h e r s . The parabol ic re la t ionship desc r ibes the 
growth of modera te ly thick* fi lms which a r e fully adherent and p ro tec t ive . The ra t e of 
reac t ion is control led by ionic diffusion through the f i lm, and at any given t ime is in­
ve r se ly p ropor t iona l to the film th ickness . This re la t ionship i s wr i t ten as 

dW 1 kp 

"dT ~ zw"' 

which, on in tegra t ion , leads to Equation (5), 

(7) 

The oxides which fo rm during parabol ic oxidation can be c lass i f ied according to 
the i r semiconducting p r o p e r t i e s , a s de te rmined par t ia l ly f rom the t e m p e r a t u r e and 
p r e s s u r e dependencies of the i r e l ec t r i ca l conduct ivi t ies . The var ious types a r e : 

® Thick in the sense that strong electrical fields do not act through the film as In the case of thin films which grow logarithmically. 
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(1) Meta l - excess semiconductor 

(2) Anion-deficit semiconductor 

(3) Metal-defici t semiconductor 

(4) Anion-excess semiconductor . 

The m e t a l - e x c e s s and anion-defici t semiconductors have in t e r s t i t i a l me ta l ions 
and oxygen-ion vacancies in the oxide l a t t i ce , r e spec t ive ly , while the metal -def ic i t and 
an ion-excess semiconductors a r e cha rac t e r i zed by me ta l - ion vacancies and in te r s t i t i a l 
oxygen ions , r e spec t ive ly . F r o m the r e su l t s of P r a n a t i s and SeigleC^), Nb20c can be 
classif ied as e i ther a m e t a l - e x c e s s or anion-deficit semiconductor . Hence, diffusion 
through Nb205 occur s by movement of e i ther i n t e r s t i t i a l m e t a l ions or by oxygen-ion 
vacanc ies . 

The parabol ic reac t ion r a t e s va ry with t e m p e r a t u r e according to the usual 
Ar rhen ius - type re la t ionsh ip , 

K p = K p e - A H / R T . ^8) 

P r e s s u r e effects on the parabol ic r a t e s vary according to the semiconducting p rope r t i e s 
of the sca l e . The oxidation r a t e s of m e t a l s forming meta l -def ic i t oiddes (containing 
me ta l - ion vacancies) such as copper and nickel d e c r e a s e with decreas ing oxygen p r e s ­
su re according to a f ract ional power of the p r e s s u r e . Metals forming m e t a l - e x c e s s 
oxides ( in te rs t i t i a l me ta l ions) a r e l e s s affected by oxygen p r e s s u r e because they have 
a smal l number of defects at the oxide-gas in te r face . Fo r me ta l s forming oxides in 
which oxygen-ion diffusion p r e d o m i n a t e s , p r e s s u r e effects have been noted but not c o r ­
re la ted with the oxide s t r u c t u r e . 

Contamiination of the base me ta l occurs by diffusion of oxygen into the meta l f rom 
the innermos t oxide l aye r . The amount of contamination i s t e m p e r a t u r e dependent, but 
does not vary with p r e s s u r e as long as b a r e me ta l is unexposed. 

Linear oxidation occur s when the react ion product is vo la t i le , mol ten , or po rous . 
The theore t i ca l a spec t s of l inear oxidation a re much l e s s well developed than for 
parabol ic oxidation. Severa l qualitative explanations for the observat ion of l inear b e ­
havior have been advanced: 

(1) Des t ruc t ion of the oxide film exposes b a r e me ta l to the attacking g a s , 
and the reac t ion is control led by the r a t e of combinat ion, 

Me+ + O - -*MeO, 

which occurs d i rec t ly at the me ta l -ga s in te r face , or by the ra te of 
d issocia t ion of the attacking gas . 

(2) Only the outer l aye r s of the fi lm a re des t royed (or r ende red non-
protect ive) and a thin fi lm r e m a i n s adherent to the me ta l . The 
reac t ion is control led by the diffusion r e s i s t a n c e of this l aye r , which 
r e m a i n s at constant t h i ckness , leading to a l inear reac t ion . 
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A useful c r i t e r i o n for determining whether protect ive o r nonprotect ive (solid) 
sca les wil l be formed involves the s c a l e / m e t a l volume r a t i o , commonly known as the 
Pi i l ing-Bedworth r a t i o . Ratios l e s s than unity indicate that the oxide occupies l e s s 
volume than the or ig ina l me ta l and the oxide is expected to be po rous . Ratios g rea te r 
than unity indicate that the oxide occupies a l a r g e r volume and should be adherent and 
p ro tec t ive . This concept has been modified recently!^^^ •'•^), since oxides which grow 
by me ta l - ion diffusion fo rm a new oxide at the oxide-gas in terface and a re unaffected 
by the volume r a t i o . In cases where oxygen-ion diffusion p redomina t e s , the new oxide 
fo rms at the meta l -ox ide interface and is affected by the volume r a t i o . Scales with 
ve ry high volume ra t ios (>2. 5) which grow by oxygen-ion diffusion may become porous 
through cracking due to excess ive compres s ive s t r e s s e s generated by the high volume 
r a t i o . 

The reac t ion occur r ing when a duplex scale is fo rmed , consis t ing of a porous 
layer overlaying a compact l a y e r , may be t r e a t e d as a combination of two simultaneous 
r e a c t i o n s , or as two success ive r eac t i ons . Webb, Nor ton , and WagnerC^^) have de ­
scr ibed the oxidation of tungsten as consis t ing of parabol ic growth of an adherent blue 
subscale and s imultaneous l inear t r ans fo rmat ion of the blue sca le to a yellow porous 
sca l e . The reac t ion becomes completely l inear when the l inear ra te of t r ans fo rmat ion 
of the adherent sca le to the porous scale equals the instantaneous r a t e of formation of 
the adherent s ca l e . Ca thca r t , Campbel l , and Smithl^") , however , showed that the r e ­
act ion of niobium with oxygen at 500 C cons i s t s of an ini t ial parabol ic reac t ion , but 
after a ce r t a in t empera tu re -dependen t per iod , the outer port ion of the scale b l i s t e r s . 
After th i s point, the reac t ion is l i nea r , being control led by diffusion through a constant-
th ickness remnant of the ini t ia l film.. The theor ies of Webb, et a l . , and Ca thcar t , et al., 
thus differ as to whether breakdown of the protect ive f i lm occurs s imultaneously with i ts 
growth or after a ce r t a in thickness has been r eached . 

The t e m p e r a t u r e dependency of l inear reac t ion r a t e s follows the Arrhenius r e ­
la t ionship , 

.. AH 

K ^ = K ^ e ^ \ (9) 

The p r e s s u r e dependency of l inear reac t ions is complicated, since p r e s s u r e affects both 
diffusion r a t e s and the th ickness of the adherent subsca le . P r e s s u r e dependency of 
l inear reac t ions has a lso been c o r r e l a t e d with absorpt ion of the gas at the s ca l e -gas 
in te r face . 

Contamination during l inear reac t ions is essen t ia l ly ident ical witii that occur r ing 
during parabol ic r e a c t i o n s , provided that the oxide phase at the meta l -oxide interface 
is unchanged. 

The theore t i ca l aspec t s of alloying effects on oxidation behavior have been r e ­
viewed recent ly by Kubaschewski and Hopkins(12)^ Although the behavior of only a few 
sim.ple sys t ems can at p r e sen t be calculated with any degree of ce r ta in ty , two pr inc ip les 
a r e known to be effective. These pr inc ip les include; 

(1) The valence effects of the alloying addition 

(2) The abili ty of the alloying addition to preferent ia l ly fo rm a new, 
protect ive sca l e . 



50 

On the b a s i s of the p r e sen t work , a th i rd pr inciple affecting alloy behavior has 
been deduced. This concerns s ize effects of the alloying addition. 

The effects of valence on the oxidation behavior depend on the type of s e m i ­
conducting oxide formed by the base m e t a l . As pointed out e a r l i e r , m e t a l - e x c e s s and 
anion-defici t semiconductors have in t e r s t i t i a l meta l ions and oxygen-ion vacanc i e s , 
r e spec t ive ly . The addition of me ta l ions of higher valence tha^ the base meta l 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 vacancies in o rder to ma in ­
tain e l ec t r i c a l neut ra l i ty in the oxide. Since these defects a r e the means by which 
diffusion occurs through the s c a l e , reduct ion in 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 al loy. The addition of me ta l ions of lower 
valence acts opposi te ly, inc reas ing the number of defects and increas ing the alloy oxi ­
dation r a t e . 

Converse ly , if the oxide i s of the meta l -def ic i t o r an ion-excess types , h igher -
valence additions ac t to i n c r e a s e oxidation r a t e s and lower-va lence additions d e c r e a s e 
the oxidation r a t e s . 

The effects of va lence have been studied most ly on base meta l s which fo rm c o m ­
pletely adherent s c a l e s , i . e . , those which oxidize parabol ica l ly . The effects a r e e x ­
pected to be ident ical in the adherent subscale which fo rms during l inear oxidation. 
Other effects of the addi t ions , however , such as var ia t ions in the equi l ibr ium th ick­
ness of the subsca l e , make the valence effects difficult to dis t inguish when l inear oxida­
t ion p r e v a i l s . 

In the range beyond the solubili ty l imit for the addi t ion-meta l ions in the b a s e -
meta l s c a l e , new oxides must fo rm. These may consis t of mixed oxides or pu re oxides 
of the alloying addition. The locale of format ion of the new oxides , i , e . , at the m e t a l -
oxide or oxide-gas in te r face , is de te rmined by the concentra t ion of the alloy addition at 
the me ta l surface and the the rmodynamic s tabi l i ty of the addition oxide as comipared 
with the base-mietal oxide. Additions with higher oxide s tabi l i t ies than the base me ta l 
will preferent ia l ly fo rm the i r own oxides (in the ideal ized case) at the meta l -oxide in­
te r face at re la t ively low alloying l e v e l s , provided also that ionic diffusion r a t e s in the 
new oxides a r e lower than in the b a s e - m e t a l oxides . The amount of alloying n e c e s s a r y 
to allow the addition oxide to fo rm at the meta l -oxide interface can be calculated in 
s imple c a s e s . However , i n m o s t c a s e s , the s i tuat ion is complicated because complex 
oxides a r e formed. The genera l iza t ion regard ing the re la t ive thermodynamic s tab i l i ­
t i e s of the new oxide is s t i l l val id. Other c r i t e r i a of the effectiveness of alloying in the 
higher alloying r ange include the mechanica l and physical s tabi l i t ies of the new oxides . 
The new oxides should be mechanical ly s table toward cracking and must be solid if they 
a r e to be p ro tec t ive . 

In ternal oxidation inay a lso resu l t during oxidation of an alloy if the addition forms 
oxides which a r e considerably m o r e s table thermodynamica l ly than those of the base 
me ta l . In alloys of this type , oxygen diffusing into the meta l core f rom the scale 
preferent ia l ly r e a c t s with the const i tuent whose oxide is mos t s tab le , precipi ta t ing the 
oxide of this consti tuent in a m a t r i x of the oxygen-sa tura ted ba se me ta l . Contamination 
r a t e s a r e reduced in alloys of this type as compared with the unalloyed b a s e . 

The re la t ionship between s ize of the alloying a toms and oxidation behavior has not 
been studied in deta i l . At lower alloying l e v e l s , however , the alloy a toms would be 
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expected to enter the sca le subst i tut ionally provided that the i r ionic s izes a r e not too 
different from that of the b a s e - m e t a l ions . It has previously been shown that the lat t ice 
p a r a m e t e r of FeO (raetal-defici t semiconductor) i s i nc r ea sed by addition of sma l l e r Mg"̂  
ions , since these ions occupy the me ta l - ion vacanc ie s , (^2) s ize effects in m e t a l - e x c e s s 
and anion-deficit oxides would differ as a solution of new meta l ions would be by r e ­
p lacement of b a s e - m e t a l ions . As ^ U be shown l a t e r , a definite co r re la t ion was found 
between the re la t ive ionic s izes of alloying additions to niobium and thei r effect on the 
oxidation r e s i s t ance of niobium. Br ief ly , this work indicates that l a rge r ions i nc rea se 
the l inear oxidation r a t e , while s m a l l e r ions d e c r e a s e the oxidation r a t e and promote 
m o r e protect ive s c a l e s . 

The t e m p e r a t u r e dependency of al loy-oxidation r a t e s is s imi l a r to that for pure 
meta l s and can be e x p r e s s e d by an Ar rhen ius - type re la t ionsh ip . The p r e s s u r e d e ­
pendency of al loy-oxidat ion r a t e s has rece ived l i t t le at tention. It i s probably s imi l a r to 
that for pure m e t a l s , i . e . , i s de te rmined by the semiconducting p rope r t i e s of the oxide 
and by p r e s s u r e effects on the equi l ibr ium scale th ickness if the oxidation behavior is 
l i nea r . 

Cor re la t ion of Exper imenta l Data 

The observat ion of a duplex sca le on unalloyed niobium, the inner layer of which is 
preferent ia l ly o r ien ted , affords a b a s i s for speculation on the mechan i sms of niobium 
oxidation. Since both the inner adherent por t ion and the outer porous port ion of the 
scale consis t priimarily of Nb205 (only t r a c e s of NbO were noted in the inner sca le ) , the 
lower oxides a re apparent ly not p r e sen t in sufficient quantity to affect the oxidation 
reac t ion . 

The ini t ial reac t ion is proposed to be formation of an adherent layer of Nb20c , 
which grows by diffusion of oxygen through the scale to the meta l -ox ide in te r face , where 
reac t ion of niobium and oxygen ions continues to form Nb205, 

The adherent Nb20g layer continues to grow until compress ive s t r e s s e s in i ts 
outer layer cause this layer to buckle . The compres s ive s t r e s s e s a r i s e from the very 
high ox ide /me ta l volume ra t io (2,59) of niobium. The outer layer continues to buckle , 
forming the p o r o u s , nonprotect ive white oxide, until the adherent layer is reduced to a 
s table th i ckness . At low t e m p e r a t u r e s , i . e . , up to about 600 C, the adherent scale 
probably grow- to g r ea t e r than i ts stable th ickness before buckling, but at higher t e m ­
p e r a t u r e s the scale begins to c rack upon reaching the s table th ickness . These proposed 
reac t ions a r e i l lus t ra ted d iagrammat ica l ly in F igure 23. 

The stable scale th ickness can be calculated by rewr i t ing Equation (7) a s : 

W = £ , (10) 
2 k ^ ' 

where W is the stable scale t h i cknes s , kp i s the parabol ic reac t ion r a t e , and k^ is the 
l inear reac t ion r a t e . Although the ini t ia l parabol ic r a t e s of unalloyed niobium could not 
be obtained f rom the unal loyed-niobium reac t ion data obtained in this work , the magn i ­
tude of these r a t e s may be deduced f rom interpolat ion between alloy parabol ic r a t e s 
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a. Behavior ot Low Temperatures 
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b. Behavior at High Temperatures 

FIGURE 23. DIAGRAMMATIC ILLUSTRATION OF OXIDATION BEHAVIOR OF NIOBIUM AT LOW AND HIGH TEMPERATURES 
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extrapola ted to ze ro alloying content and the l ow- t empera tu re parabol ic r a t e s of 
Gulbransen and Andrewf^). These re la t ionships a r e shown in F igures 24 and 25. Es t i ­
ma ted values for the stable i n n e r - s c a l e th ickness a r e calculated in Table 13 and a r e 
seen to range f rom 1, 3 jU at 600 C to 80 jit at 1200 C, The i nc rea se in s t ab le - sca le 
th ickness with t e m p e r a t u r e might be eacpected to r e su l t f rom the increas ing plast ic i ty 
of ]N!b20g with t e m p e r a t u r e . 

TABLE 13, REACTION RATES AND ESTIMATED STABLE-SCALE THICKNESSES 
OF NIOBIUM IN AIR 

Measured Es t ima t ed Calculated 
L inea r Pa rabo l i c Thickness of 

T e m p e r a t u r e , React ion R a t e , React ion R a t e , Inner Scale 

Calculated 
Trans i t ion T i m e , 

Parabo l ic to 
c 
600 

800 

1000 

1200 

g/(cm2)(sec) 

5.4x 10-7 

3 X 10"6 

9.5 X 10-6 

1.6 X 10-5 

g2/(cm^)(sec) 

2 X 10-10 

6,5 X 10-9 

9.3 X 10-8 

4 X 10-7 

g per cm'^ 

1.9 X 10-4 

1. 1 X 10-3 

5 X 10-3 

1.2 X 10-2 

M 
1. 3 

7.4 

33 

80 

Linear, sec 

1.7 X 102 

1.8 X 102 

2.6 X 102 

3.8 X 102 

The proposed mechan i sm does not account for the b reaks in the r a t e - v e r s u s -
t e m p e r a t u r e plot (Figure 1), but does account for the p r e s e n c e of the inner layer of 
scale and provides a model whereby the ra t e -con t ro l l ing reac t ion in l inear ojddation 
(diffusion through the adherent subscale) is s imi l a r to that which has proven so helpful 
in understanding fully parabol ic r e a c t i o n s . 

The effects of alloying on niobium oxidation can be re la ted to ce r ta in p rope r t i e s 
of the alloy additions and the i r ox ides . As desc r ibed prev ious ly , t h ree types of effects 
a r e found: 

(1) Valence effects 

(2) Size effects 

(3) New-sca le effects . 

The va lence , ionic s i z e , and oxide c h a r a c t e r i s t i c s of each alloy addition inves t i ­
gated a r e l i s ted in Table 14. Table 15 sum.m.arizes the anticipated and obse rved oxida­
tion effects of those additions (which were invest igated in detail) according to the 
mechan i sms which a r e bel ieved to be involved. 

In the low alloying range where the addition ions a r e soluble in N b 2 0 5 , the data 
lend s t rong support to the fact that the s ize effect p redominates over the other 
m e c h a n i s m s . T h u s , for alloy concentra t ions up to about 15 a / o , ch romium, molyb­
denum, tungsten , and vanadium, which have ionic rad i i ranging f rom 9 to 15 pe r cent 
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I 

Alloy Content,a/0 

FIGURE 24. EXTRAPOLATION OF ALLOY REACTION RATES TO ZERO ALLOT CONTENT 

jO-s 

jQ-e 

s^is 

' t 1 i 
!200 W ^ 800 

- \ 
: ^ 
-
° 

" 

" 

; 

-

• 

" 

: 

• 

\ 
\ 
\ 
\ 
\ 

Temperature, C 

• r 1 1 
800 500 400 500 

\ 
\ 
\ 
\ 
\ 

Legend 

-f EKtrapolated rgoctson m 
m Qir {F igure 2 4 

es 

• Gulbransen and Andren, 
4 o f m O z , Refe renoeMl 

X GuSbranseo and Andren , 

To o t 

\ 
\ 

\ 
i| 

^ x 

m Oz, Re 

\ \ 

^ ^ ^ 
V 

erenceCD 

K 
> 
" \ 

) 

\ 
. \ 

1 
200 

K 
\ 

20 22 

FIGURE 25. RELATIONSHIP BETWEEN EXTRAPOLATED HIGH-TEMPERATURE REACTION RATE AND PUBLISHED 
LOW-Ta4PKATURE REACTION RATES FOR UNALLOYED NIOBIUM 



55 

TABLE 14. VALENCE, IONIC SIZE, AND OXIDE CHARACTERISTICS OF 
ALLOYING ELEMENTS ADDED TO NIOBIUM^l^, 17,18,19) 

Oxide P r o p e r t i e s 

E lement 

Mn 
Z r 
Co 
Ni 

Valence 

2 
4 
2 
2 

Golds chm.idt 
Ionic 

Rad ius , 
A 

0.80 
0.79 
0.72 
0.69 

- A F at 
1300 K, 

kcal per g atom. 
of oxygen 

69 .3 
101.4 

33. 3 
28 .6 

Melting 
Po in t , 

C 

1790 
2715 
1810 
1960 

Boiling 
Po in t , 

C 

__ 

— 

Conductivj 
at 20 C, 

ohm" * cm ' 

1 X 10-8 
<10--8 

1 X 10"2 
8 X 10-4 

t y 

-1 

Oxide-
Metal 

Volume 
Ratio 

1.79 
1.56 
1.86 
1.65 

Nb 0,69 63,9 1460 1.2 X lOl 2.69 

T a 
T i 
F e 
C r 
Mo 
W 
V 
R e 
Al 
Si 
Be 
B 

5 
4 
3 
3 
6 
6 
5 
7 
3 
4 
2 
3 

0.68 
0.68 
0 .64 
0 .63 
0.62 
0.62 
0,59 
0.56 
0.50 
0 .41 
0. 35 
0 .23 

70.8 
84 .8 
39,0 
63 .6 
35.5 
41 . 3 
49 .6 
21 .6 

100, 3 
77 ,2 

112.8 
76 .5 

>1900 
1860 

__ 
2440 

795 
1470 

660 
266 

2020 
1713 
1283 

450 

- -
__ 
__ 
- -

1460 
1750 

- -
363 
- -
- -
__ 
_ ™ 

1 X 10-5 
4 X lOO 
2, 1 X lOl 
1.2 X 10-4 
1.3 X 10-7 
5 X 10-2 
3 X 10° 
<10-8 
<10-8 
<10-8 
<10-8 
<10-8 

2 .54 
1.73 
2. 14 
2,07 
3.24 
3.35 
3.19 
1.67 
1.49 
2 .21 
1.68 
2,02 



TABLE 15, EFFECTS OF BINARY ALLOYING ON OXIDATION OF NIOBIUM 

Expected Effects of Addition Properties on Oxidation Behavior 

Alloy 
Addition 

Low Alloy Range 
Size 

Effect 
Valence 
Effect 

High Alloy Range, Properties of Addition Oxide Evident 
Physical Thermodynamic Mechanical Diffusion 
Stability Stability Stability Resistance Observed Oxidation EffecB 

Mo 

W 

Cr 

Improve mechanical No effect 
stability of scale 

Improve mechanical Increase diffusion 
stability of scale rates in scale 

Poor 

Improve mechanical Decrease diffusion Poor 
stability of scale rates in scale 

Improve mechanical Deaease diffusion Good 
stability of scale rates in scale 

Good 

Lower than 
niobium 

Same as 
niobium 

Poor 

Good 

Vanadium stabilizes Nb205 toward cracking up to 12,5 a/o at 
1000 C, and partially stabilizes Nb206 up to 10 a/o at 1200 C; 
at higher levels a partially molten complex scale forms and 
causes rapid linear oxidation 

Molybdenum stabilizes Nb205 toward cracking up to 7,5 a/o at 
1000 C. and partially stabilizes Nb205 up to 10 a/o at 1200 C; 
size effects are more prominent than valence effects; at higher 
alloying levels a partially molten complex scale forms and 
causes rapid linear oxidation 

Low Tungsten has little effect at 1000 C; at 1200 C tungsten improves 
the mechanical stability of Mb^}^ up to 12,5 a/o 

Good Chromium improves the oxidation resistance of niobium to about 
15 a/oi above this level a partially liquid scale foxmss 
decreasing the oxidation resistance 

m 
o^ 

T i No effect Increase diffusion 
rates in scale 

Good Higher than Good Poor Titanium has little effect at low alloying levels: at high alloying 
niobium levels complex Nb205-Ti02 scales form and oxidation resistance 

is improved; titanium also causes internal oxidation 

Zr Decrease mechanical Increase diffusion 
stability of scale rates in scale 

Good Higher than Good Good Zirconium at low alloying levels increases the linear oxidation 
niobium rate because of its unfavorable size factor i at levels of 25 a/o 

and highers zirconium forms a complex scale which improves 
the oxidation resistance; zirconium also causes internal 
oxidation 

Fe Improve mechanical 
stability of scale 

Increase diffusion 
rates in scale 

Good Lower than Good Poor Iron additions of 1 and 5 a/o have no significant effects on 
niobium oxidation behavior 

Re Improve mechanical 
stability of scale 

Decrease diffusion 
rates in scale 

Poor The addition of 5 a/o rhenium causes increased linear oxidation 
rates because of formation of a volatile oxide 
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lower than that of niobium, w e r e mos t effective in improving niobium's oxidation r e ­
s i s t ance . These e lements p romoted mechan ica l s tabi l izat ion of the scale and parabol ic 
oxidation behavior . Each of these effects is a t t r ibuted to the sma l l e r ionic size of these 
addi t ions , which improves the sca le s tabi l i ty by reducing the unfavorably high s c a l e / 
m e t a l volume ra t io of niobium. 

Zi rconium provides a good example of the de le ter ious effect of an adve r se ionic 
size re la t ionsh ip . The Z r ' ^ ion is 16 per cent l a r g e r than Nb5+, and at the 10 a /o level 
caused a significant i nc r ea se in the 1000 C oxidation r a t e . The l a r g e r z i rconium ions 
tend to i n c r e a s e the a l ready unfavorable volume ra t io and reduce the stable i nne r - s ca l e 
t h i ckness , i nc reas ing the l inear oxidation r a t e s . 

The r eason for the fai lure of i ron to effect any im.provem.ent in the miechanical 
stabili ty of the sca le i s not known, but m.ay be due to i ron being in a lower valence state 
than a s s u m e d , which would have a l a r g e r ionic r a d i u s . Despite i ts low ionic s i z e , 
rhen ium showed no sizse effect. T h i s , however , was due to the low boiling point of 
ReoOy. Thus , smoke was obse rved during tes t ing of the n iobium-5 a /o rhen ium alloy 
at 1000 and 1200 C, indicating that a volati le oxide was being formed. 

The re la t ionship between ionic s ize and oxidation behavior is c lear ly shown in 
F igure 26. H e r e , the 1000 C 5-hr weight gains and the 1200 C 2-hr weight gains for the 
10 a /o alloys a re ave raged , since z i rconium and tungsten exhibited the i r max imum 
effects at different t e m p e r a t u r e s . 
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Valence effects w e r e also expected and observed in the low alloying r ange . Thus , 
molybdenum, with a valence of +6, shows a g rea t e r specific effectiveness than 
vanadium, with a valence of +5. S imi la r ly , z i r con ium, with a valence of +4, i s quite 
de t r imen ta l at 1000 C and low alloying l eve l s . The valence effect, however , appears 
of l e s s impor tance h e r e than flie s ize effects. 

Above the 10 to 15 a / o al loy-addi t ion leve l , the oxidation behavior of niobium can 
be r e l a t ed to the p rope r t i e s of the addi t ion-meta l oxides . Thus , for higher alloys the 
oxidation behavior i s de te rmined by the p r o p e r t i e s of new sca les which fo rm. Fo r ex ­
a m p l e , it i s seen in Table 13 that of the eight additions invest igated extensively fchro-
m i u m , i r on , molybdenum, rhen ium, t i tan ium, tungs ten , vanadium, and z i rconium) , 
only titaniumi and z i rconium have higher the rmodynamic oxide s tabi l i t ies than niobium. 
The 03ddes of these e lements a r e also physical ly and mechanica l ly s t ab le , and have 
lower e l e c t r i c a l conductivit ies than Nb205 , suggesting lower ionic diffusion r a t e s . 
Hence , t i t an ium and zirconium, would be expected to fo rm ei ther the i r own oxides or 
stable mixed oxides at modera te alloying l eve l s , 

Wagner (^" ' has shown that the abil i ty of one o ^ d e to grow underneath another on a 
b inary alloy depends on the re l a t ive d issocia t ion p r e s s u r e s of the oxides in question. 
F o r s imple s y s t e m s of two m e t a l s forming only one oxide each , and assuming that no 
complex oxides a r e formed and meta l diffusion r a t e s in the core a r e known, the con­
cent ra t ion at which one oxide will displace the other can be calcula ted. In the p resen t 
c a s e , this cannot be done because each component forms s e v e r a l ojddes . Neve r the l e s s , 
the pr inc ip le that new oxides having g rea t e r s tabi l i t ies may displace Nb205 at the 
me ta l /ox ide interface is s t i l l va l id . 

Actual ly, titaniumi and z i rcon ium form mixed oxides with Nh^O^A ' These 
oxides a r e m o r e stable than Nb205 and p romote parabol ic oxidation behavior and r e ­
duced r a t e s at leve ls of 25 a / o and higher where they can fo rm in sufficient quantity to 
be effective. 

Molybdenum, rhen ium, and vanadium form oxides which mel t or volat i l ize when 
the i r solubi l i t ies in Nb205 a r e exceeded. The c r i t i c a l concentra t ions for loss of oxi ­
dation r e s i s t ance due to format ion of these oxides a r e about 10 a /o molybdenum, <5 a /o 
rheniumi, and 15 a /o vanadium. Above these concen t ra t ions , these e lements form 
e i ther the i r own oxide or complex oxides with Nb205 which induce rapid l inear oxida­
t ion. As with t i tan ium and z i r con ium, the oxidation behavior changes gradual ly with 
composit ion after the Nb205 solubili ty l imi t is exceeded, becoming more cha rac t e r i s t i c 
of the addition m e t a l . Chromium was a lso observed to form, a par t i a l ly molten scale 
at 24 a / o , possibly as the r e su l t of a eutect ic reac t ion in the N b 2 0 5 - C r 2 0 3 sys t em. 

In t e r n a r y combinat ions , it i s of i n t e r e s t to note that ch romium, molybdenum, 
and vanadium were not as effective in promoting parabol ic oxidation when added to 
niobium-titaniumi as when added to pure niobium. The solubil i t ies of these meta l ions 
in the complex N b 2 0 5 - T i 0 2 scale a r e apparent ly reduced as compared with the i r solu­
bi l i t ies in Nb20c . F u r t h e r evidence of reduced solubil i t ies i s the smoking of niobium-
t i t an ium-baae alloys containing 4 a / o or more mLolybdenum. 

The n iob ium-molybdenum-chromium and niobium-molybdenum-vanadium alloys 
were the mos t ox ida t ion- res i s t an t of a l l tiae alloy composi t ions invest igated in this work. 
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Other recen t work'^-^"^^' has shown that mult iple addit ions of e lements capable of 
forming spinel- type oxides a r e a l so effective in improving the oxidation behavior of 
niobium. Chromium-coba l t , t i t an ium-a luminum, and i ron -a luminum a re examples of 
these types of addi t ions . The alloying leve l mus t be sxifficiently high to allow formation 
of the new sca les for these types of addit ions to be effective. 

CONCLUSIONS 

(1) Niobium r e a c t s l inear ly with 1 a t m of oxygen at 400 to 1400 C. 

(2) Contamination of the base me ta l during oxygen o r a i r oxidation r e su l t s 
f rom oxygen diffusion f rom the s ca l e . 

(3) The n iob ium-a i r and niobium-oxygen reac t ions a r e essent ia l ly ident ical . 

(4) Alloying affects oxidation behavior according to : 

(a) Relat ive ionic s ize 

(b) Relat ive valence 

(c) P r o p e r t i e s of the a l loy-e lement oxide, 

(5) Valence and s ize effects a r e operat ive to alloying levels of approxi­
mate ly 15 a / o . 

(6) Size effects a re g rea t e r than valence effects. 

(7) Important p rope r t i e s of the alloy addition oxide, which de te rmine oxida­
tion behavior above the 15 a /o alloying level , include the rmodynamic , 
phys ica l , and mechan ica l s t ab i l i t i e s , and e l ec t r i c a l r e s i s t i v i ty . 

(8) The mos t effective additions for improving the oxidation behavior a re 
those capable of forming new, s t ab le , d i f fus ion-res is tant oxides . 
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APPENDIX A 

HARDNESS AND FABRICATION DATA FOR 50-G NIOBIUM 
BINARY AND TERNARY ALLOY INGOTS 
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TABLE A - 1 , HARDNESSES AND FABRICATION CHARACTERISTICS OF 50-G NIOBIUM BINARY ALLOY INGOTS 

Alloy 

Nominal 

100 NbC'') 

10 Ti 
20 Ti 

'J 5 Ti 
30 Ti 
35 Ti 

5 V 
• ' . o V 

10 V 
1 2 . 5 V 

15 V 
1 7 . 5 V 
25 V 

2 , 5 Mo 
5 Mo 

7 .5 Mo 

10 Mo 
1 2 . 5 Mo 
15 Mo 
25 Mo 

10 G 
15 Cr 
20 Cr 
25 Cr 
30 Cr 

SS Cr 

10 Zr 
25 Zr 

33 Zr 

' T ,.t 

1 •// 

5 W 
10 W 

12 .5 W 

15 W 

25 W 

0 Fe 

I n Fe 

20 Fe 

5 !® 

10 Re 

Addition, 
a /o 

Corrected(^) 

9 .5 Ti 
19 Ti 
2 4 . 5 Ti 
30 .5 Ti 
34 Ti 

4 .S V 
6.5 V 

9 V 
10 ,5 V 

__ 
14 V 
24 V 

2 . 5 Mo 
5 Mo 

7 .5 Mo 
10 MoC*̂ ) 
1 2 . 3 MoCe) 

15 MoC®) 
25 Mo(e) 

6 Cr(e) 

3 ,5 Ct 
1 2 . 5 0/"^^ 
4 .5 a 

_ . 

24 aCe ) 

1 0 , 5 Zr 
26 Zr 

36 Zr 

46 Zr 

1 W 
4 . 5 W 

9 .5 W 
12 \'4"'' 
1 4 . . . - ) 
24 W^"^ 

5 Fe 

--
„ 

5 iteCe) 

3 0 Rê ®^ 

\s-Ga&t 
Hardness, 

WIN 

120 

123 
145 
145 
151 
155 

152 
168 

196 

209 
239 
264 
285 

128 
154 

175 

199 
247 
268 
304 

272 
154 
302 
305 
428 
474 

187 
212 
283 

289 

147 
175 

230 

256 

299 
348 

167 

262 

455 

242 

386 

Fabrication 
TeniperatureW, 

C 

R . T . 

R .T . 

R .T . 
R .T . 
R .T . 
R .T . 

R , l . 
R .T . 

R . T . 

R ,T . 
1200 
1200 
1000 

R . T . 
R .T . 

R .T . 
1000 
1000 
1000 
1000 

__ 
_. 
— 

1200 
1200 
1200 

WiJJ 
1000 

1000 

1000 

R .T . 
R ,T . 

1200 
1000 

1000 
1200 

R .T . 

1000 

1000 

1000 

1000 

Total 
Reduction, 

per cent 

80 

87 
87 
87 
86 
86 

87 
85 
89 
88 
88 
88 
88 

88 
88 
88 

88 

--
— 
88 

. . 

. . 
— 
84 
84 
84 

87 
87 

87 

87 

(80) 
(80) 

84 

81 

--
84 

86 

79 

--

79 

^~ 

Annealed 
Hardness, 

VHNCC) 

120 

127 
154 

162 
160 
169 

143 
169 
191 
210 

215 
281 
314 

126 
146 

205 
219 

— 
— 
--
__ 
--
.» 
--
— 

283 

199 
266 

306 

302 

. . 
— 

266 
299 

--
--

127 

330 

— 

274 

"" 

Ouality 
of 

Strip 

Excellent 

Excellent 

Excellent 
Excellent 
Excellent 
Excellent 

Good 
Good 
Good 

Fair 
Good 
Good 
Good 

Good 
Good 

Fair 
Good 
Poor 
Poor 
Good 

Not fabric able 
Not fabricable 
Not fabricable 
Poor 

Poor 
Good 

Good 
Good 

Good 

Good 

Good 
Good 

Good 

Fair 
Poor 

Poor 

Excellent 

Fair 

Poor 

Fair 

Poor 

(a) Compositions corrected on basis of spectrographic analyses to nearest 0.5 a/o, except where otherwise noted. 

|b) Bigots rolled at room temperature were barej hot-rolled ingots were encapsulated in evacuated stainless steel packs. 

(c) \iine3led 1 |.. a! 1500 C under 0.l-|i pressure after fabricating. 

hi) Lata for puie iilobium are averages of seveial ingots, 

(e) Compositions corrected on basis of welghi-loss data. 
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TABLE A - 2 . HARDNESSES AND FABRICATION CHARACTERISTICS OF 50-G NIOBIUM TERNARY ALLOYS 

Alloy Addition^ a /o 
Nominal 

12.5 T i - 4 M o 
19 Ti-6 Mo 
25 T i - 7 . 5 Mo 

12.5 T i - 7 . 5 Cr 
19 Ti -11 Cr 
25 Ti-15 Cr 

12.5 T i -6 V 
19 Ti-9 V 
25 T i - 1 2 . 5 V 

11 C r - 5 . 5 Mo 

6 Mo-9 V 

Cor rec ted 

12 T i -4 Mo 
17.5 Ti-6 Mo 
23 T i -8 Mo 

12 T i - 1 . 5 Cr 
ZO T i -2 Cr 
28 Ti-6 Cr 

10.5 T i -5 V 
16 T i - 8 . 5 V 
22 .5 T i - 1 1 V 

1.5 C r - 4 . 5 Mo 

5 Mo-7 . 5 V 

A s - C a s t 
H a r d n e s s , 

VHN 

171 
192 
206 

136 
192 
230 

175 
199 
243 

212 

254 

Fabr ica t ion 
Tempera ture^ C 

1000 
1000 
1000 

1000 
1000 
1000 

1000 
1000 
1000 

1000 

1000 

Total Reduction, 
p e r cent 

79 
81 
81 

81 
79 
79 

81 
79 
81 

__ 

79 

Annealed 
Hardness , 

VHN 

177 
227 
260 

240 
235 
348 

268 
262 
287 

_» 

- -

Quality of 
Strip 

Good 
Good 
Good 

Excellent ^ 
Excellent '^ 

Good 

Excellent 
Good 
Good 

Poor 

Poor 



APPENDIX B 

REACTION CURVES FOR BINARY NIOBIUM ALLOYS 
WITH DRY AIR AT 1000 AND 1200 C 

(CONTINUOUS-WEIGHING TESTS) 
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FIGURE B-5. REACTION OF NIOBIUM AND NIOBIUM-MOLYBDENUM ALLOYS WITH AIR AT 1000 C 

120 

100 

E 
o 80 

E 
• 6 0 

0) 4 0 

20 

^ 

/ 

A yj w 

100 Nb 

^ s ^ 

y 

.^ 

n 

^ 

U'^ 

? . 5 I V I o ^ 

^ 

^ 

: 
7.5 

^^=^=^ 

V 

: > ^ 

. ^ ^ o - ^ 

i 

- -

51V l ^ 

30 60 90 120 150 180 210 
Time, minutes 

240 270 300 330 
A 302IS 

360 

FIGURE B-6„ REACTION OF NICBIUM AND NIOBIUM-MOLYBDENUM ALLOYS WITH AIR AT 1200 C 



B-4 

80 

70 

m 

An 

30 

20 

ID 

0 
C ) 3 

J 

/ 

' / 

4 
7-r 

0 6( 

/ 

/ 

/ 

V K 
^ 

J 9 

10 Zr 

/ y 
/ . 

^ ^ , r - * 

3 !2 

7/ 
/ 

X - ' 
v - ^ 

^ 

0 15 

r*:n<^»«i%^ i ' f r ' ^^^ .^ « 7 . . - ^ 

0 0 Nb 

^ 

- ^ 

0 16 

^ - ^ 
^ 

0 21 0 24 

» 

^ 

35 Zr ^ ' 

45 Zr 

10 270 300 330 36 
Time, minutes A 30216 

FIGURE B-7, REACTION OF NIOBIUM AND NIOBIUM-ZIRCONIUM ALLOYS WITH AIR AT 1000 C 

, 

/ 

/ 

7 
r 

-
00 Nb 

25 

^ 

t5:>^ 5 Z r 

^ ^ 

, ^ ^ 
55 Zr 

Compos tions are in atomic per cent 

30 60 «) 120 150 180 210 
Time, minutes 

240 270 300 330 360 
ssoaiT 

FIGURE B-8. REACTION (X WOBniM AND NKBEJM-ZIRCONIUM ALLOYS WITH AIR AT 1200 C 



B-5 

0 30 

FIGURE B-î f. REACTION OF NIOBIUM AND NIOBIUM-CHROMIUM ALLOYS WITH AIR AT 1000 C 

"F 

JZ 

30 

0 

/ 
/ 

/ / r 

30Nb y . 

/ 
/ 

/ / 

y ^ ^ ^ ^ i 

1 

• / 

/ 
/ 

f 

J 
^ . . 

K 

/ I l^Cr / 

_/___ 

/ 

A f _y 
€ 

_. _ ^ 
iz.s c r ^ " 

^ ' ^ 
/ 

X 
^ 

x̂  
^ y 

^ 

1 1 1 1 

y 
y 

rX 
X 

^ 
=̂  

^ /^ 

/ ° ^ 
/ 

>--
^ 

6Cr 

4f' 

4. 

y ^ 

y 

SCx^ 

y 

0 30 so «3 ISO 180 210 240 270 3 0 ) 
Time, minutes 

FIGURE B-10, REACTION OF NIOBIUM AND NIOBIUM-CHROMIUM ALLOYS WITH AIR AT 1200 C 



B-6 

80 

70 

G
ai

n,
m

g 
pe

r c
m

^ 

3 
O

 
O

 

•4- ~t^ 
£Z 
OS 

* 

•^n 

20 

10 

0 

} 
\Z5m-X 

/ / 

f 

> 

/ 
/ . 

/ / 

^ / 

f/ 

> 

^ J 
//I 

/// 

7/ 
/ 

1 m l 

J 

/A 

x5w / 

/ 

/ 

/ 

£ w / _ 

y 
I 

Compositions are in otomic percent 

30 60 90 120 ISO •180 210 
T imejmin 

240 270 300 330 360 
A-30g20 

FIGURE B-11. REACTION OF NIOBIUM AND NIOTIUM-TUNGSTEN ALIX)YS WITH AIR AT 1000 C 

150 180 210 
Time jmin 

270 3C» 330 3S0 
A-S022I 

HGURE B-12. REACTION OF NIOBIUM AND NIOBIUM-TUNGSTEN ALLOYS WITH AIR AT 1200 C 

file:///Z5m-X


B-7 and B-8 

30 60 150 180 210 
Time, minutes 

330 
A 30222 

360 

FIGURE B-13. REACTION OF NIOBIUM, NIOBIUM-IRON. AND NIOBIUM-RHENIUM ALLOYS WITH AIR AT 1000 C 
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REACTION CURVES FOR TERNARY NIOBIUM ALLOYS 
WITH DRY AIR AT 1000 AND 1200 C 

(CONTINUOUS-WEIGHING TESTS) 
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FIGURE C-2 . REACTION OF NIOBIUM AND NIOBIUM-TITANIUM-VANADIUM ALLOYS WITH AIR AT 1200 C 
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FIGURE C-4. REACTION OF NIOBIUM AND NIOBIUM-TITANIUM-CHROMIUM ALLOYS WITH AK AT 1200 C 
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FIGURE C-5. REACTION OF NIOBIUM AND NIOBEJM-TITANIUM-MOLYBDENUM ALLOYS WITH AIR AT 1000 C 

FIGURE C-6. REACTION OF NIOBIUM AND NIOBIUM-TITANIUM-MOLYBDENUM ALLOYS WITH AIR AT 1200 C 
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FIGUREC-7. REACTION OF NIOBIUM, NIOBIUM-MOLYBDENUM-VANADIUM, AND MOBIUM-MOLYBDENUM-
CHROMIUM ALLOYS WITH AIR AT 1000 C 
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