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D E T E R M I N A T I O N O F I N T E R S T I T I A L S O L I D - S O L U B I L I T Y 
L I M I T IN T A N T A L U M AND I D E N T I F I C A T I O N 

O F T H E P R E C I P I T A T E P H A S E S 

D a l e A. V a u g h a n , O l i v e r M. S t e w a r t , and C h a r l e s M. S c h w a r t z 

Solid-solubility limits at 1500, 1000, and 500 C for carbon, nitrogen, and 
oxygen in high-purity tantalum were determined by X-ray lattice-parameter 
methods. For carbon, the solubility was found to be 0.17 a/o at 1500 C and 
less than 0.07 a/o at 1000 C. A nitrogen solubility of 3.70 a/o at 1500 C 
decreases linearly with temperature to 2.75 a/o at 1000 C and 1.8 a/o at 500 C. 
In the case of oxygen, the solubility was found to be 3.65 a/o at 1500 C, 2.95 
a/o at 1000 C, and 2.5 a/o at 500 C. The phases Ta2C, the low-temperature 
modification of ToyOc, and Ta N of unknown composition but which has a 
superlattice structure based upon the original body-centered-cubic tantalum 
lattice have been identified as the initial precipitates in the respective 
systems. 

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

T h e e x c e l l e n t f a b r i c a b i l i t y ^ h i g h m e l t i n g p o i n t , a n d n u c l e a r p r o p e r t i e s of t an ta lum. 
a r e r e s p o n s i b l e for i n t e r e s t in t h i s r e f r a c t o r y m e t a l a s a c o n t a i n e r m a t e r i a l for t he 
L o s A l a m o s M o l t e n P l u t o n i u m R e a c t o r E x p e r i m e n t ( L A M P R E ) . H o w e v e r , m e t a l l o g r a p h i c 
s t u d i e s by L A S L on h i g h - p u r i t y t a n t a l u m a f t e r e x p o s u r e to m o l t e n - p l u t o n i u m fuel m i x 
t u r e s s u g g e s t e d t h a t p r e c i p i t a t e p h a s e s w e r e be ing a t t a c k e d by t h i s c o r r o s i v e m e d i u m . 
S ince t h e i n t e r s t i t i a l e l e m e n t s , c a r b o n , n i t r o g e n , and o x y g e n , w e r e the m a j o r i m p u r i t i e s , 
i t w a s of i n t e r e s t to d e t e r m i n e t he so l i d s o l u b i l i t y of t h e s e e l e m e n t s in t a n t a l u m a t 1500, 
1000 , and 500 C and to iden t i fy t he p r e c i p i t a t e p h a s e s in e a c h s y s t e m which m i g h t r e l a t e 
to the effect o b s e r v e d by L A S L . 

G e b h a r d t et a l . v-*̂ "-̂ ) h a v e i n v e s t i g a t e d t h e t a n t a l u m - o x y g e n and t a n t a l u m - n i t r o g e n 
s y s t e m s with p a r t i c u l a r r e f e r e n c e to the c h a n g e s in p h y s i c a l p r o p e r t i e s and to the r a t e s 
of r e a c t i o n b e t w e e n t h e s e g a s e s and t h e m e t a l . The so l i d so lub i l i t y of oxygen in t a n t a l u m 
w a s r e p o r t e d ( 2 ) to be 3. 7 a / o a t 1500 C , 2. 3 a / o a t 1000 C , and 1. 4 a / o at 750 C. The 
c o m p o u n d s in t h e t a n t a l u m - o x y g e n s y s t e m g ive c o m p l e x X - r a y d i f f r ac t ion p a t t e r n s . 
S c h o n b e r g ( 4 ) r e p o r t e d t h a t s e v e r a l ox ide p h a s e s ( T a 4 0 , T a 2 0 , T a 0 2 , and T a 2 0 5 ) e x i s t 
wh i l e X - r a y s t u d i e s by G e b h a r d t ( l ) s h o w e d only two o x i d e s , T a 2 0 r and an un iden t i f i ed 
p h a s e wh ich w a s a s s o c i a t e d wi th a p l a t e l e t - t y p e p r e c i p i t a t e . L a g e r g r e n and Magnel i (5)^ 
h o w e v e r , q u e s t i o n e d the e x i s t e n c e of c o m p o u n d s o t h e r t h a n the two a l l o t r o p i c m o d i f i c a 
t i ons of T a 2 0 5 for t he t a n t a l u m - o x y g e n s y s t e m . Al though a l l of t he r e p o r t e d c o m p o u n d s 
w e r e c o n s i d e r e d a s p o s s i b l e p r e c i p i t a t e p h a s e s , the p r e s e n t i n v e s t i g a t i o n was not d e 
s igned to p r e p a r e s p e c i f i c c o m p o u n d s but only to iden t i fy t he p r e c i p i t a t e p h a s e t h a t w a s 
o b s e r v e d in t a n t a l u m s u p e r s a t u r a t e d wi th the v a r i o u s i n t e r s t i t i a l e l e m e n t s . T h u s , no 
a t t e m p t w a s m a d e to r e s o l v e t h e d i s a g r e e n n e n t a m o n g the v a r i o u s r e p o r t s a s to t he p o s 
s i b l e t a n t a l u m ox ide p h a s e s . 

(1) References at end. 
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In the case of n i t rogen , the solubili ty was es tabl ished by Gebhardt^-^) to be of the 
o rde r of 7 a /o at 1800 C. The solubility was repor ted to d e c r e a s e rapidly with t e m 
p e r a t u r e , and, although no l imi t s were es tab l i shed , a prec ip i ta te phase was observed 
by Gebhardt except when the h igh-ni t rogen spec imens were cooled ve ry rapidly from the 
react ion t e m p e r a t u r e of 1800 C. Gebhardt r epor ted the init ial p rec ip i ta te phase to be a 
te t ragonal d is tor t ion of the body-cen te red-cub ic tanta lum la t t ice while SchonbergC") r e 
ported the phase lowest in n i t rogen to be a cubic super la t t ice with a cell s ize of 10. 11 A. 
Two other n i t r ide p h a s e s , Ta2N and TaN, were repor ted by Schonberg in his studies of 
the tan ta lum-ni t rogen sys tem. The l a t t e r two phases appear to be i somorphous with the 
carb ides of tantalum. 

The t an ta lum-carbon sys tem was invest igated by Ellinger ' '^ ' and by L e s s e r and 
Braurer^ ' . Two compounds, Ta2C and TaC, were repor ted to exis t , each with a range 
of composition. The solubility of carbon in the tantalum la t t ice was repor ted to be 
prac t ica l ly nil at all t e m p e r a t u r e s . Thus , of the in te r s t i t i a l e l emen t s , which a r e 
p re sen t in smal l amounts in h igh-pur i ty t an ta lum, carbon might be expected to form 
prec ip i ta tes when the meta l is employed as a molten-plutonium container . 

The p re sen t invest igat ion was ini t iated to obtain additional data on the sol id-
solubility l imi t s of these in te r s t i t i a l s at 1500, 1000, and 500 C with pa r t i cu la r emphas is 
on the dis t r ibut ion and the identification of the prec ip i ta te phases . 

EXPERIMENTAL WORK AND RESULTS 

In the p r e s e n t invest igat ions of the solid solubility and of the prec ip i ta te phases 
in the sys t ems tan ta lum-ni t rogen , -oxygen, and - ca rbon , h igh-pur i ty tantalum was r e 
acted with high-pur i ty g a s e s , homogenized at 1800 C, and annealed at and quenched from. 
1500, 1000, and 500 C. Th i r ty -mi l tanta lum sheet (LASL Stock 565) was formed into 
5/8-in. -OD cyl indrical spec imens , 1-1/2 in. long. An analys is of the a s - r o l l e d stock is 
given in Table 1. The specimens were etched in a solution containing 30 ml of l a c t i c , 
10 ml of n i t r i c , and 10 ml of hydrofluoric ac id s , then suspended, by tantalum w i r e , in 
a quar tz reac t ion tube of a modified Se iver t s appara tus for gas addit ions. Calculated 
amounts of oxygen, produced by the t he rma l decomposit ion of po tass ium pe rmangana te , 
of ni t rogen from Matheson prepur i f ied ni t rogen (99. 96 pe r cent pure) o r of methane gas 
were added to the evacuated react ion tube and the tantalum heated inductively until the 
gases were absorbed. In the case of oxygen and ni t rogen addi t ions , the react ion was 
shown by a drop in p r e s s u r e as indicated by a vacuum gage. Les s control was obtainable, 
however , for the carbon additions. Subsequent homogenizing and annealing t r ea tmen t s 
were made under high-pur i ty argon to facil i tate quenching after the annealing t r ea tmen t . 
The argon aided in p repar ing the h ighe r -gas -con ten t spec imens by reducing the amount 
of vaporizat ion or decomposit ion during the final heat t r ea tmen t . The homogenizing 
t r ea tment was 3 h r at 1800 C while the annealing t imes were 3 h r at 1500 C, 24 h r at 
1000 C, and 100 hr at 500 C. 

The amounts of the in te rs t i t i a l e lements absorbed and re ta ined by the tantalum 
were de termined by chemical a s say on all samples after the 1500 C anneal. Oxygen 
analyses were obtained by vacuum fusion, the ni t rogen contents were obtained by m i c r o -
Kjeldahl and the carbon analyzed by mic roca rbon methods. The resu l t s of these analyses 
a r e given in Tables 2, 3 , and 4 , respect ively . Specimens of the tantalum stock were heat 
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TABLE 1. ANALYSIS OF TANTALUM STOCK USED FOR PREPARATION 

OF OXYGEN, NITROGEN, AND CARBON ALLOYS 

Element^*^ Content, ppm 

Magnesium 
Iron 
Nxckel 
Copper 
Calcium 
Chromium 
Zirconium 
Tungsten 

Oxygen 
Nitrogen 
Carbon 

Trace, 

Trace, 
Trace, 

Trace, 

<0.5 
1.0 

<0.1 
<0.5 

1.0 

<1.0 

<10 

Not detected 

12 
10 
50 

(a) No other metall ic elements were detected. 

<100 

TABLE 2. LATTICE-PARAMETER AND HARDNESS CHANGES IN TANTALUM 
WITH INCREASING OXYGEN CONTENT 

Specimen 

22A 

2A 
4A 
3A 

l l A 
15A 

38A 
34A 

39A 

35A 

Oxygen 

w/o 

0.010 

0.010 
0.044 

0.086 

0.106 
0.134 

0.208 
0.288 

0.398 
0.483 

Content 

a /o 

0.11 

0.11 
0.50 

1.02 

1,18 
1.49 
2.32 

3.16 
4 .32 

5.27 

Hardness, 
KHN 

122 

201 

206 
216 

366 

356 

--
534 

--
1029 

3 Hr, 

15 00 C 

3.3033 

3.3036 
3.3052 

3.3070 
3.3080 

3.3082 

3.3139 
3.3182 
3.3200 

3.3198 

Lattice Parameter, A, 

After 1 idicated Anneal 
24 Hr. 

1000 C 

3.3035 

--
3.3050 

--
3.3080 

3.3086 

--
3.3165 

--
3.3166 

100 Hr, 
500 C 

--
3. 3U51 

--
--

3.3086 

--
3.3140 

--
3.3145 
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TABLE 3 . LATTICE-PARAMETER AND HARDNESS CHANGES IN TANTALUM WITH INCREASING NITROGEN CONTENT 

Specimen 

Nitrogen Content 
w/o a /o 

Hardness, 

KHN 

Lattice Parameter, After Indicated Anneal 

4 Hr 1500 C 24 Hr, 1000 C 100 Hr 500 C 

22A 
30A 
23A 

7B 
21B 
31A 
32A 
20B 
37A 
33A 
36A 
40A 
41A 

0.001 
0.021 
0.049 
0.085 
0.115 
0.159 
0.224 
0.274 
0.290 
0.319 
0.342 
0.490 
0.630 

0.01 

0.27 

0.63 

1.09 

1.46 

2.01 

2.82 

3.42 

3.62 

3.97 

4.24 

5.98 

7.57 

122 

226 

313 

345 

451 

497 

697 

814 

841 

953 

3.3033 

3.3046 

3.3053 

3.3073 

3.3100 

3.3122 

3.3160 

3.3183 

3.3198 

3.3191 

3.3199 

3.3035 

3.3052 

3.3055 

3.3083 

3.3129 

3.3153 

3.3153 

3.3070 

3.3114 

3.3104 

TABLE 4 . LATTICE-PARAMETER AND HARDNESS CHANGES IN TANTALUM WITH INCREASING CARBON CONTENT 

Specimen 

22A 

8A 

19A 

13A 

18A 
18B 

Carbon Content 

w/o 

0.005 
0.009 

0.014 

0.049 

— 

a /o 

0.07 

0 .14 

0 .21 

0 .73 

3 .63 
3 .63 

Hardness, 

KHN 

122 
160 

218 

196 

148-480^*^ 

1180-2900^'') 

Lattice Parameter, 

4 Hr, 1500 C 

3.3033 
3.3049 

3.3035 

3.3035 

— 

After Indicated 
Anneal 

24 Hr. 1000 C 

3.3035 
3.3049 

— 

3.3049 

-• 

(a) Core of tantalum plus TaC . 
(b) Case of Ta2C. 
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t r ea t ed as desc r ibed above without an intentional addition and reanalyzed for oxygen, 
n i t rogen, and carbon. No significant changes were found in the ni t rogen or carbon 
contents , however , the oxygen content i n c r e a s e d from 12 to 100 ppm during the heat 
t r e a t m e n t s . 

X-Ray Diffraction Studies 

Because of the h i g h - t e m p e r a t u r e heat t r e a tmen t s requi red in the p re sen t invest iga
t ions , ve ry l a rge gra ins were produced in all the alloys studied. There fore , special 
X- ray diffraction techniques were employed. Sliver specimens were cut fronn. each s a m 
ple adjacent to the a r e a s used for the chemical a s say and the metal lographic examination. 
These s l iver specimens were ground to a fine needle point and the worked surface r e 
moved by electropol ishing. Diffraction pa t t e rns were obtained with a 114. 6-mm c a m e r a 
with unfi l tered copper radiat ion. Under these conditions nine diffraction lines were ob
tained at Bragg angles (Q) of over 65 deg. The (330) reflection occur red at approximately 
83 deg and provided the max imum sensi t ivi ty to l a t t i c e - p a r a m e t e r changes. The la t t ice 
p a r a m e t e r for each specimen was es tabl ished by a l inear extrapolat ion of the obse rva 
tions to a 0 angle of 90 deg. Resul t s of l a t t i c e - p a r a m e t e r determinat ions for the var ious 
alloys and annealing t r ea tmen t s a r e given in Tables 2, 3 , and 4. The prec is ion of these 
de terminat ions is ±0. 0005 A or be t t e r based upon the spread of the observat ions . 

Based upon these l a t t i c e - p a r a m e t e r de terminat ions the solid-solubil i ty l imi ts of 
oxygen, n i t rogen, and carbon in tantalum .,t 1500, 1000, and 500 C were establ ished by 
graphical methods as shown in F igures 1 , 2 , and 3, respect ively. The solid solubility of 
oxygen in tan ta lum, as shown in F igure 1, was es tabl ished at 3. 65 a /o at 1500 C, 
2. 95 a /o at 1000 C, and 2. 5 a /o at 500 C. Solid solubil i t ies in the tanta lum-ni t rogen s y s 
t e m . F igure 2, were found to be 3. 70, 2. 75, and 1. 8 a /o at 1500, 1000, and 500 C, r e 
spectively. The solubility of carbon in tanta lum was found to be very low, of the o rde r 
of 0. 1 a / o at 1500 C with no significant change in lat t ice p a r a m e t e r after annealing at 
1000 C. No studies of the t an ta lum-carbon sys tem were c a r r i e d out on specimens 
annealed at 500 C. 

Metal lographic Investigations 

Metal lographic studies were made on all specimens descr ibed in Tables 2, 3, and 
4; the port ion examined being adjacent to that used for the X-ray diffraction analys is . 
Specinaens were mounted in Bakel i te , abraded on 240-, 400- , and 600-gr i t abras ive 
p a p e r s , then meta l lographica l ly polished on wax laps using Linde A polishing agent d i s 
pe r sed in a ch romic ac id -wate r solution. A chem.ical polish in a solution containing 
30 ml l ac t i c , 10 ml of n i t r i c acid plus 10 ml of hydrofluoric acid was employed to remove 
the worked surface . After the chemical pol ish , the specimens were e lectroetched in 
90 ml sulfuric acid plus 10 ml hydrofluoric acid at 0. 02 amp per cm'^ to reveal the grain 
boundar ies and the prec ip i ta te phases . 

Included in the meta l lographic investigation were measu remen t s of Knoop ha rdness 
on the 1500 C annealed spec imens (see Tables 2, 3, and 4). The hardness is seen to in
c r e a s e l inear ly with in te r s t i t i a l content for the tantalum-oxygen and the tanta lum-ni t rogen 
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spec imens . The re i s , however , a significant difference in ra te of i n c r e a s e , 125 KHN per 
atom per cent oxygen and 200 KHN p e r a tom p e r cent ni t rogen. It is quite l ikely that this 
difference i s a r e su l t of the l a r g e r amounts of s t r a in produced by ni t rogen additions as 
d iscussed below. 

In the case of ni t rogen addit ions to t an ta lum, the re is X - r a y evidence for la t t ice 
s t ra in which was not observed in the oxygen or carbon al loys . The supe r sa tu ra t ed n i t r o 
gen alloys gave b road diffraction l ines at l a r g e diffracting angles for the m a t r i x phase . 
This broadening i s bel ieved to be due to an epitaxial growth of the n i t r ide phase on the 
tantalum m a t r i x . The n i t r ide phase has a pseudo s t ruc tu re with un i t -ce l l s ize only 
slightly l a r g e r than that of the sa tura ted solid solution but has a super la t t ice which is 
th ree t imes that of the pseudo cel l . 

In the case of carbon addi t ions , the solubili ty was found to be ve ry low and hence 
the ha rdnes s of the m a t r i x me ta l was affected to a l e s s e r degree than for tanta lum-oxygen 
or t an ta lum-ni t rogen al loys . Although the carb ide phase i s ve ry ha rd (2900 KHN), a 
smal l addition of ca rbon , which p roduces a carb ide phase (Ta2C) d i spe r sed throughout 
the m a t r i x , does not change the ha rdness of tanta lum appreciably. 

High-Pur i ty Tantalum 

The m i c r o s t r u c t u r e s of h igh-pur i ty tanta lum spec imens with no intentional addition 
but heat t r ea t ed (1) at 1500 C, and (2) at 1800 C followed by a 1500 C anneal a r e of con
s iderable i n t e r e s t because of the different etching behavior . This also provides a base 
s t ruc tu re for compar i son with that obtained from the var ious in te r s t i t i a l a l loys. Photo
mic rog raphs of the h igh-pur i ty tantalum a r e shown in F igure 4. An i n t r a - and i n t e r -
granular etch at tack is visible in Specimen 2A rol led and annealed at 1500 C (Figure 4a) 
which does not show in Specimen 22A after an 1300 C heat t r ea tmen t followed by a 1500 C 
anneal (Figure 4b). Although this etch a t tack has the appearance of a prec ip i ta te phase , 
the impur i ty content of the two spec imens was not significantly different. The carbon and 
ni trogen contents were not changed by these heat t r e a t m e n t s . Although the oxygen con
tent was i nc rea sed in both specimens from 12 to approximate ly 100 ppm, this is far below 
the sol id-solubi l i ty l imit and would not be expected to cause the difference in etching 
behavior. 

E lec t ron meta l lographic studies were made on these spec imens . F igure 5a i s an 
e lect ron mic rog raph of Specimen 2A which was annealed at 1500 C for 3 h r . F igure 5b 
shows the s t ruc tu re at 18,0OOX for the spec imen heated to 1800 C then annealed at 1500 C. 
It is seen in F igure 5a that etch pi ts occu r r ed which revealed a subgrain s t r uc tu r e . This 
is believed to be the resu l t of an accumulat ion of dis locat ions and not evidence of a p r e 
cipitate phase . In F igure 5b, the e lec t ron mic rog raph of tanta lum annealed at 1800 C and 
then 1500 C, t he re is a phase which is not a t tacked as rapidly as the ma t r i x . This is b e 
lieved to be a carb ide phase which is d i scussed further in the next section. However , 
the subgrain s t ruc tu re as seen in F igure 5a is not evident h e r e . This would suggest that 
the dislocat ions produced during rolling a r e not annealed out in 3 h r at 1500 C but a r e r e 
moved by a 3-hr 1800 C heat t r e a t m e n t followed by an anneal at 1500 C. A study of the 
etching behavior of tanta lum as a function of heat t r e a t m e n t plus t r a n s m i s s i o n e lec t ron 
microscopy of tanta lum would provide cons iderably m o r e detail on the s t ruc tu ra l p r o p e r 
t ies of this r e f rac to ry me ta l and should be cons idered in an extension of these 
invest igat ions. 
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Tanta lum-Carbon System 

The solubility of carbon in tanta lum was found to be l e s s than could be de te rmined 
accura te ly by l a t t i c e - p a r a m e t e r methods . There appeared to be a slight i nc r ea se in 
la t t ice p a r a m e t e r over that of pure tantal t im, but no significant change in lat t ice p a r a m 
e te r with annealing t e m p e r a t u r e was detected. Metallographic examinations revealed no 
prec ip i ta te phase in Specimen 8A (0. 14 a /o carbon) when annealed at 1500 C, a t r a c e of 
a prec ip i ta te phase in Specimen 19A (0. 21 a /o carbon) and a l a rge amount of prec ip i ta te 
in 13A (0. 73 a /o carbon). All t h ree of these specimens contained a precipi ta te phase 
when annealed at 1000 C. Pho tomicrographs of the t an ta lum-carbon specimens a r e 
shown in F igures 6 and 7. Based upon the p r e sen t metal lographic and X- ray s tud ies , 
it was concluded that the solid solubility of carbon in tantalum is 0. 17 a /o at 1500 C and 
is of the o r d e r of 0. 07 a /o at 1000 C. Since 0. 07 a /o carbon (content of the a s - r e c e i v e d 
tantalum) was the lowest carbon content avai lable , no 500 C anneals were c a r r i e d out on 
specimens of the t an ta lum-carbon sys tem. 

The identification of the p rec ip i ta te phase was incomple te , in that the pure phase 
has not been p r e p a r e d , but the X - r a y data have been compared with published s t ruc tu re s 
for specific t an ta lum-carbon compounds. In the p r e sen t studies of t an ta lum-carbon 
spec imens , only one compound (Ta2C) has been observed. X - r a y data for this phase 
a r e p resen ted in Table 5. This pa t t e rn was obtained from Specimen 13B (Figure 7c), 
and from the ca rbur i zed surface of Specimen 18B to which 3. 6 a /o carbon was added. 
The white phase in Specimen 13B (Figure 7c) is Ta2C. The fine s t ruc tu re seen in the 
m a t r i x of this specimen and in Specimen 13A (Figure 6c) is due to crys ta l lographic etch 
pitting. When these specimens were examined at higher magnification the carbide phase 
could be readi ly dist inguished. F igure 8, an e lec t ron mic rograph of Specimen 13A, 
shows the c rys ta l lographic at tack by the etch plus the carbide pa r t i c l e s . The carbide 
has round and oblong shapes . These fine carbide pa r t i c l e s a r e not attacked by the etch 
and have the same appearance as the l a r g e r pa r t i c l e s which gave the Ta^C pat te rn by 
X- ray diffraction. S imi la r but fewer pa r t i c l e s were seen in the e lect ron mic rograph of 
the h igh-pur i ty tantalum which contained 0. 0 7 a /o carbon. 

Tanta lum-Ni t rogen System 

Photomicrographs of t an ta lum-ni t rogen specimens annealed at 1500 C are shown 
in F igure 9. An e lec t ron mic rog raph of a supe r sa tu ra t ed specinnen (36A) is shown in 
Figure 10. Based upon meta l lographic studies of these and other tanta lum-ni t rogen 
composit ions which were annealed at 1500 C, the sol id-solubil i ty l imit of 3. 70 a/o as 
obtained by X - r a y diffraction methods was confirmed. However, the precipi ta te was 
not readily dist inguished by optical or e lec t ron microscopica l methods . In Figure 10 the 
long row of gra ins is believed to be the TaxN phase. The small white phase d i spersed 
throughout the m a t r i x i s believed to be Ta^C as previously descr ibed. At higher ni trogen 
contents (6. 0 and 7. 6 a / o ) . Specimens 40A and 41A of Table 3, the X- ray diffraction pat 
t e r n of the n i t r ide phase was observed. The X - r a y data for the ni t r ide phase a re given 
in Table 5. Its s t ruc tu re appears to be closely re la ted to that of the body-centered-
cubic tan ta lum, but additional diffraction l ines a re observed which requi re a unit cell for 
the ni t r ide phase slightly m o r e than t h r e e t imes that of tantalum. The diffraction pat tern 
of the tantalum m a t r i x phase in the specimen supersa tu ra ted with ni trogen is very broad 
in the back-ref lec t ion l i n e s , and la t t ice p a r a m e t e r s of the solid solution could not be ob
tained for the h igh-ni t rogen spec imens . The ni t r ide phase , however , gave a sharp dif
fraction pa t te rn . This suggests epitaxial growth of ni t r ide on the tantalum, ma t r ix r e 
sulting in l a rge amounts of s t r a in in the tantalum la t t ice . 
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250X L7925 

a. Specimen 8A, 0.14 a/o Carbon 

\ 
250X L7744 

b. Specimen 19A, 0.21 a/o Carbon 

'^CmikW^Mmiffiff *3S 

250X L7926 

c. Specimen 13A, 0.73 a/o Carbon 

FIGURE 6. PHOTOMICROGRAPH OF TANTALUM-CARBON SPECIMENS 
ANNEALED AT 1500 C 
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250X L8269 

a. Specimen SB, 0.14 a/o Caibon 

250X L8275 

b. Specimen 19B, 0,21 a/o Carbon 

3^, , ^s* 

• ^ - • ^ i ^ ^C^ 

25 ox L8270 

c. Specimen 13B, 0. 73 a/o Carbon 

FIGURE 7. PHOTOMICROGRAPHS OF TANTALUM-CARBON SPECIMENS 
ANNEALED AT 1000 C 



T A B L E 5. X - R A Y D I F F R A C T I O N P A T T E R N S O F THE P R E C I P I T A T E P H A S E S EST S U P E R S A T U R A T E D 
T A N T A L U M - C A R B O N , T A N T A L U M - N I T R O G E N , AND T A N T A L U M - O X Y G E N A L L O Y S 

F i l t e r e d I r o n R a d i a t i o n 

T a n t a l u m - C a r b o n ( ^ ) 
t e r p l a n a r 
p a c i n g . 

A 

2 . 6 8 
2 . 4 6 
2 . 3 6 
1 .82 
1.55 
1.40 
1.31 
1.29 
1.23 
1. 18 

1. 12 

1. 04 
1.01 
0 . 9 9 4 

M i l l e r 
I n d i c e s , 

hk(? 

100 
002 
101 
102 
110 
103 
112 
201 
004 
202 

r i 0 4 
\ 1 1 3 

203 
210 
211 

R e l a t i v e 
I n t e n s i t y , 

V i s u a l 

30 
50 

100 
30 
30 
50 
30 
30 
10 
10 

10 

30 
10 
50 

T a n t a l u m - N i t r o g 
I n t e r p l a n a r 

S p a c i n g , 
A 

2 . 3 7 
2. 26 
1.98 
1.68 
1.42 
1.37 
1.28 
1.24 
1. 18 
1. 13 

1. 11 

1.09 
1.06 
1. 02 
0 . 9 8 3 
0 . 9 7 0 

M i l l e r 
I n d i c e s , 

h k ? 

330 
420 
510 
600 
550 
721 
732 
811 
660 
840 

910 

921 
930 
941 
950 
666 

en(b) 
R e l a t i v e 
I n t e n s i t y , 

V i s u a l 

100 
30 
40 
50 
40 

100 
30 
20 
40 
10 

10 

20 
80 
30 
30 
50 

T a n t a l u m - O x y g e n ( c 
I n t e r p l a n a r 

Spac ing 
A 

3 . 8 7 
3. 14 
3 . 0 9 
2 . 4 4 
2. 13 
2 . 0 2 
1.94 
1.83 
1.80 
1.65 

1.57 

1 .54 
1.46 
1.43 
1. 42 
1. 33 
1.32 
1.22 
1. 19 

t 

M i l l e r 
I n d i c e s , 

hk^ 

001 
110 
200 

1 1 1 + 2 0 1 

211 
002 
020 
310 
021 

220 

400 
221 
401 
410 
022 
312 
222 
113 

-) 
R e l a t i v e 
I n t e n s i t y , 

V i s u a l 

100 
90 
40 
90 
15 
10 
30 
25 
15 
70 

10 

10 
10 
5 
5 

30 
20 
10 
30 

(a) Ta2C, hexagonaha = 3.10, c = 4.93. 
(b) TaxN, complex cubic:a= 10.09. 
(c) TagOg, orthorhombic:a = 6.16, b= 3.66, c= 3.87. 

• • 
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18,000X E7053B 

FIGURE 8. ELECTRON MICROGRAPH OF TANTALUM-0. 73 a /o 
CARBON SPECIMEN ANNEALED AT 1500 C 

Negative repl ica of Specimen 13A is shown h e r e . 
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250X L8066 250X L8069 

a. Specimen 30A, 0.27 a/o Nitrogen b. Specimen 32A. 2.82 9/0 lfit»l |m 

250X L8094 

c. Specimen 36A, 4.24 a/o Nitrogen 

HGORE 9. mOTOMICROGRAPHS OF TANTALUM-NITROGEN 
SPECIMENS ANNEALED AT 1500 C 
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FIGURE 10. ELECTRON MICROGRAPH OF TANTALUM-4. 24 a /o 
NITROGEN SPECIMEN ANNEALED AT 1500 C 

Negative repl ica of Specimen 36A is shown h e r e . 
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The solubili ty in the t an ta lum-n i t rogen sys t em at 1000 C as de te rmined by X - r a y 
diffraction was 2. 75 a /o . This is significantly lower than that obtained at 1500 C. Meta l 
lographical ly an etch pa t te rn was observed in the 1000 and 500 C annealed specimens 
which would have indicated a solubility of l e s s than 0. 27 a /o . Pho tomicrographs of 
var ious t an ta lum-ni t rogen s p e c i m e n s , annealed at 1000 and 500 C, a r e shown in F igure 11 
and 12, respec t ive ly . It is evident that no change in the etching c h a r a c t e r i s t i c o c c u r r e d 
with increas ing ni t rogen concentrat ion which would coincide with the solubility l imi t as 
obtained by the X - r a y s tudies . The etch pi ts appear to outline subgra ins with some pits 
occurr ing within the subgrain s t ruc tu re . At high ni t rogen contents , a phase appears to 
be p re sen t within the pi ts (Specimen 33B). This phase could not be observed in the low-
nitrogen spec imen when examined at 500X. Time did not p e r m i t an e lec t ron m e t a l 
lographic study of the specimen annealed at 1000 or 500 C. Thus , because of the s eve re 
etch pitting of the t an ta lum-ni t rogen spec imens after annealing at 1000 and 500 C, the 
X - r a y sol id-solubi l i ty analyses of 2. 75 a / o and 1. 8 a / o , r e spec t ive ly , a r e cons idered to 
be m o r e re l iab le than the p re sen t meta l lographic de te rmina t ions . The pitting c h a r a c t e r 
i s t ics of these t an ta lum-ni t rogen spec imens a r e bel ieved to be due to an accumulat ion of 
la t t ice imperfec t ions . These s i tes may provide nuclei for prec ip i ta t ion of the n i t r ide 
phase in the supe r sa tu ra t ed ni t rogen al loys . This would account for appearance of the 
ni t r ide phase in the same dis t r ibut ion as the etch pi ts . It is in te res t ing to note that this 
etch pitting was found to be much m o r e pronounced in the tan ta lum-ni t rogen alloys than 
in the tanta lum-oxygen s p e c i m e n s , and may be re la ted to the difference in the amount of 
la t t ice s t r a i n , which in the ni t rogen a l loys , appears to have been caused by coherent 
precipi ta t ion. 

Tantalum-Oxygen System 

Photomicrographs of tanta lum-oxygen specimens annealed at 1500, 1000, and 500 C 
a r e shown in F igu re s 13, 14, and 15, respect ive ly . The i n t r ag ranu la r s t ruc tu re shows 
l i t t le or no pre fe ren t ia l etching at tack through the sol id-solubi l i ty region. However , 
after a 500 C annea l , the spec imens were s ta ined by etching techniques which did not 
stain the spec imens annealed at 1500 or 1000 C. In the case of one 1000 C annealed 
specimen (34B) an etch pit is seen (Figure 14c) which is s i m i l a r to that observed for 
t an ta lum-ni t rogen spec imens . Since X- ray studies indicate Specimen 34B to be supe r 
sa tura ted with oxygen, this may be the f i r s t form of the oxide prec ip i ta te . At s u p e r s a t 
ura ted oxygen concentra t ions (Specimens 35A, 39A, 34C, and 35C of F igures 13c and d 
and 15b and c ) , however , a platel ike prec ip i ta te forms which is or iented with respec t to 
the sa tura ted sol id-solut ion ma t r ix . The X - r a y diffraction pa t te rn as obtained from the 
platelike phase of Specimens 34C and 39A is given in Table 5. This pa t t e rn has been 
identified as the l ow- t empe ra tu r e a l lo t ropic modification of Ta205 . In Specimens 35A, 
B, and C, a th i rd phase consist ing of spher ica l p a r t i c l e s , is seen in the gra in boundar ies 
of the m a t r i x and assoc ia ted with the platel ike p rec ip i ta te . This phase has been identified 
as the h igh - t empe ra tu r e a l lotropic modification of Ta205 . It is quite l ikely that the 
spher ica l oxide pa r t i c l e s formed during the oxidation t r e a t m e n t but were not d issolved in 
the tantalum m a t r i x during the 1800 C homogenizing t r ea tment . Based upon the p r e s e n c e 
of the l a t t e r oxide phase , it is l ikely that the solid solubility of oxygen in tantalum at 
1800 C is l e s s than 5. 27 a /o . 

The above meta l lographic s tudies a r e consis tent with the X - r a y analyses of the 
solid solubility of oxygen in tantalvun, namely , 3. 65, 2. 95 , and 2. 5 a /o at 1500, 1000, 
and 500 C, respect ively . 



21 

......\* 

. • > V 

250X L8176 

a. Specimen 308, 0.27 a/o Nitrogen 

250X L8178 

b. Specimen 31B, 2.01 a/o Nitrogen 

250X L8179 

c. Specimen 32B, 2.82 a/o Nitrogen 
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d. Specimen 33B, 3.99 a/o Nitrogen 

FIGURE 11. PHOTOMICROGRAPHS OF TANTALUM-NITROGEN 
SPECIMENS ANNEALED AT 1000 C 
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250X L8331 

a. Specimen 23C, 0.63 a/o Nitrogen 

25 OX L8328 

b. Specimen 20D, 3.42 a/o Nitrogen 

FIGURE 12. PHOTOMICROGRAPHS OF TANTALUM-NITRDGKJ 
SPECIMENS ANNEALED AT 500 C 
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250X L7743 SfiOJ? L807S 

a. Specimen 22A, 0.11 a/o Oxygen b. Specimen 34A, 3.16 a/o Oxygen 

250X L8347 

c. Speamen 39A, •1.32 a/o Oxygen 

250X L8078 

d. Specimen 35A, 5.27 a/o Oxygen 

FIGURE 13. PHOTOMICROGRAPHS OF TANTALUM-OXYGEN 
SPECIMENS ANNEALED AT 1500 C 
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250X L8172 

«, Specimen IIB, 1.18 a/o Oa^gea 

25OX L8272 

b. Specimen 15B, 1,49 a/o Oxygen 
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250X L8162 250X L8163 

C Specimen 34B, 3.16 a/o Oxygen d. Specimen 35B, 5.27 a/o OxygMi 

FIGURE 14. PHOTOMICROGRAPHS W TANTALUM-OXYGEN SPECIMENS 
ANNEALED AT 1000 C 
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250X L832e 

a. Specimen 15C, 1.49 a/o Oxygen 

250X 

b. Specimen 34C, 3.16 a/o Oxygen 

250X 

c. Specimen 35C, 5.27 a/o Oxygen 

FIGURE 15. PHOTOMICROGRAPHS OP TANTALUM-OXYGEN 
SPECIMENS ANNEALED AT 500 C 
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DISCUSSION OF RESULTS 

Of the in te r s t i t i a l e lements ca rbon , n i t rogen , and oxygen, the f i r s t is l e a s t soluble 
in tantalum. Although a p rec ip i t a t e , identified as Ta2C, was detected by the p r e s e n t 
meta l lographic studies of h igh-pur i ty t an ta lum, the etching behavior of the unalloyed 
meta l has been a t t r ibuted in pa r t to other s t ruc tu ra l imperfec t ions . These imperfect ions 
a r e modified by t h e r m a l t r e a t m e n t s in which the known composit ional factors would not be 
a l tered . Fabr ica t ion- type dis locat ions which concent ra te in and near gra in boundar ies 
during heat t r ea tmen t a r e believed to be respons ib le for this etching behavior . These 
imperfect ions may provide paths for rapid diffusion of the mol ten-plutonium fuel mix 
t u r e s . Additional s tudies of these la t t ice imperfect ions a r e recommended. It is i n t e r e s t 
ing to note , however , that the etch pitting seen in the h igh-pur i ty tanta lum specimen 
shown in F igure 4a was much l e s s pronounced in the case of a 0. 5 a /o oxygen alloy which 
was given the same 1500 C anneal. This might suggest that an alloy low in oxygen would 
provide a sa t i s fac tory container m a t e r i a l for the above-ment ioned nuclear fuel. How
eve r , o ther factors would have to be cons idered before this could be recommended. 

Oxygen impuri ty in tantalum wotild be the l ea s t l ikely, of the in te r s t i t i a l s studied, 
to form a prec ip i ta te phase . The oxygen solubili ty l imi t , 3. 65 a /o at 1500 C, as e s t ab 
l ished in the p resen t s tudies is in good ag reemen t with that r epor ted by Gebhardt(2). 
However, at lower t e m p e r a t u r e s , the p r e s e n t s tudies show somewhat g r e a t e r oxygen 
solubility than he repor ted . These differences cannot be explained, but m a y indicate that 
additional l o w - t e m p e r a t u r e invest igat ions should be made . Although a number of oxide 
phases containing l e s s oxygen than Ta205 have been repor ted to exis t , the p r e s e n t study 
has shown only the two al lotropic forms of Ta205 . The phase which forms a platel ike 
prec ip i ta te was identified as the l o w - t e m p e r a t u r e al lotropic modification. The high-
t e m p e r a t u r e modification was observed in spec imens supe r sa tu ra t ed with oxygen at the 
1800 C homogenizing t e m p e r a t u r e . This oxide phase forms spher ica l pa r t i c l e s within the 
gra ins of tanta lum as well as in gra in boundar ies . It appears that this phase forms at 
t e m p e r a t u r e s above 1500 C while the platel ike l ow- t empera tu re modification of Ta205 
prec ip i ta tes at t e m p e r a t u r e s below 1500 C. The l ow- t empera tu re form is c r y s t a l -
lographical ly or iented with r e spec t to the m a t r i x la t t ice while h igh - t empe ra tu r e Ta205 
grows at specific s i t es . 

The etching c h a r a c t e r i s t i c s of the tan ta lum-ni t rogen alloys a re in te res t ing in that 
after the lower t e m p e r a t u r e (1000 and 500 C) annea l s , etch pi ts formed which indicate a 
subgrain s t r uc tu r e . This subgrain s t ruc tu re is probably due to la t t ice s t ra ins which de
velop p r i o r to precipi ta t ion. Although the solubility of ni t rogen in tantalum at 1500 C was 
as g rea t as the oxygen solubili ty, n i t rogen has significantly lo-wer solubility than oxygen 
at 1000 and 500 C. In the case of the supe r sa tu ra t ed ni t rogen a l loys , the m a t r i x la t t ice 
is highly s t ra ined by the p rec ip i ta te . This s t r a in i s probably due to the epitaxial growth 
of ni t r ide on the tanta lum m a t r i x la t t ice . The pseudo cell of the n i t r ide phase is approx
imately 2 pe r cent l a r g e r than that of tanta lum. The p resen t meta l lographic studies have 
not dist inct ly shown the init ial n i t r ide p rec ip i t a t e , but it is bel ieved to form in subgrain 
boundar ies . 

The sol id-solubi l i ty l imi t s of the i n t e r s t i t i a l s , ca rbon , n i t rogen, and oxygen, in 
tantalum at 1500, 1000, and 500 C a r e shown in F igure l6 . The solubility of oxygen at 
1800 C is a lso indicated based upon the r e su l t s of the p r e sen t study. X - r a y diffraction 
data for the ini t ial prec ip i ta te phases were obtained and a r e given in Table 5. 
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FIGURE 16. SOLID SOLUBILITY OF INTERSTITIALS IN TANTALUM BASED ON 
PRESENT X-RAY AND METALLOGRAPHIC STUDIES OF 
SPECIMENS QUENCHED FROM 1500, 1000, AND 500 C 
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