
GA-1508 
Metallurgy and Ceramics 
TlD-4500 (15th ed. ) 

GENERAL. DYNAMK 

.MARITIME GAS-COOLED 
REACTOR PROGRAM 

• 

REACTOR MATERIALS COMPATIBILITY 

WITH IMPURITIES IN HELIUM 

Work done by: 

J. C. Bokros 
H. E. Shoemaker 

GENERAL ATOMIC DIVISION 

Contract AT(04-3)-187 with the 
U. S. Atomic Energy Commission 
a.nd the Mar i t ime Adminis t ra t ion 

R 

J . 
H 

epor 

C. 
E. 

t wr 

Bok 
Sho 

January 

itten 

r o s 

by: 

emaker 

12, 1961 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



CONTENTS 

INTRODUCTION . 1 

MATERIALS 5 

APPARATUS AND EXPERIMENTAL PROCEDURE ............ 7 

CHEMICAL ANALYSES 9 
-4 

Exposure in 2 X 10 a tm CPQQ + 2Pc02^ 12 
-2 

Exposure in 10 a tm {"PQQ + ^^CO?^ • • • 21 
Exposure in 1 a tm Carbon Monoxide . 30 

Exposure in 0, 5 a tm CO + 0. 5 a tm H 39 
-3 -3 

Exposure in 5 x 10 a tm CO + 5 x 1 0 a tm H . . . 56 
DISCUSSION AND CONCLUSIONS 70 



INTRODUCTION 

The i n v e s t i g a t i o n of gas—metal i n t e r a c t i o n s and the t r a n s p o r t of c a r b o n 

by t r a c e i m p u r i t i e s in h e l i u m was u n d e r t a k e n to d e t e r m i n e the f ea s ib i l i t y of 
(1)* 

g r a p h i t e m o d e r a t i o n for the M a r i t i m e G a s - c o o l e d R e a c t o r (MGCR). 

One of the p r o p o s e d d e s i g n s for th i s s h i p b o a r d r e a c t o r u t i l i zed unc l ad 

g r a p h i t e a s the m o d e r a t o r and r e f l e c t o r , with h e l i u m as the coolant . 

C o r r o s i o n of r e a c t o r m a t e r i a l s by the h e l i u m coolant would, of c o u r s e , not 

be a p r o b l e m ; h o w e v e r , i m p u r i t i e s tha t would evolve f r o m g r a p h i t e or that 

m i g h t find t h e i r way into the s y s t e m in the m a k e - u p gas or t h rough l e a k s 

could r e a c t wi th r e a c t o r m a t e r i a l s a t h igh t e m p e r a t u r e s and r e s u l t in t h e i r 

d e t e r i o r a t i o n . 

The i m p u r i t i e s wh ich evolve f r o m g r a p h i t e dur ing o u t g a s s i n g a r e 

p r e d o m i n a n t l y c a r b o n m o n o x i d e , h y d r o g e n , n i t r o g e n , and h y d r o c a r b o n s . 

I m p u r i t i e s i n t r o d u c e d e i t h e r in the m a k e - u p g a s or t h rough l e a k s would 

o p r o b a b l y be w a t e r v a p o r , oxygen , o r n i t r o g e n . The oxygen , when exposed i 

g r a p h i t e in the r e a c t o r c o r e in the t e m p e r a t u r e r a n g e 800 to 1700 F , 

would r a p i d l y r e a c t wi th the g r a p h i t e to f o r m a m i x t u r e of c a r b o n monox ide 

and c a r b o n d ioxide . The e q u i l i b r i u m r a t i o of c a r b o n monox ide to c a r b o n 

dioxide for a s y s t e m con ta in ing g r a p h i t e and a cons t an t a m o u n t of oxygen 

h a s been p lo t t ed in F i g . 1. The p a r a m e t e r K r e f e r s to the to ta l p a r t i a l 

p r e s s u r e of oxygen c o m p o u n d s , if they w e r e a l l c o n v e r t e d to c a r b o n m o n ­

o x i d e , and i s equa l to t h e s u m of the p a r t i a l p r e s s u r e of c a r b o n m o n o x i d e 

and twice the p a r t i a l p r e s s u r e of c a r b o n d iox ide . F o r va lues of CP„-, + 2 P ) 

t ha t can be e x p e c t e d in the r e a c t o r s y s t e m ( l e s s than 10 a t m ) , the oxygen 

at e q u i l i b r i u m wi th g r a p h i t e in the h i g h - t e m p e r a t u r e r e g i o n s of the c o r e 

(above ~ 1 2 0 0 ° F ) wi l l be p r 

t e m p e r a t u r e s the r e a c t i o n 

(above ~ 1 2 0 0 F) wi l l be p r e s e n t m a i n l y a s c a r b o n m o n o x i d e . At l ower 

2CO C + CO^ 

* 
R e f e r e n c e s a r e l i s t e d at the end of th is r e p o r t . 
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t e n d s to shif t to the r i g h t , d e p o s i t i n g c a r b o n . T h i s d i s p r o p o r t i o n a t i o n i s 

known to be c a t a l y z e d by m a n y m e t a l l i c s u r f a c e s . 

(2) 

R a g o n e h a s c o n s i d e r e d the s t e p s involved in the c a t a l y t i c d i s p r o ­

p o r t i o n a t i o n of c a r b o n m o n o x i d e on m e t a l l i c s u r f a c e s and h a s c a l c u l a t e d 

the r a t e of d i s p r o p o r t i o n a t i o n in the MGCR s y s t e m , a s s u m i n g tha t the r a t e -

l i m i t i n g s t e p i n v o l v e s the t r a n s p o r t of c a r b o n m o n o x i d e to the s u r f a c e 

t h r o u g h a b o u n d a r y l a y e r and tha t an a c t i v e m e t a l l i c s u r f a c e i s a v a i l a b l e to 

c a t a l y z e the d i s p r o p o r t i o n a t i o n . A c o m p l e t e l i t e r a t u r e s u r v e y of the c a t a ­

l y t i c d i s p r o p o r t i o n a t i o n by m e t a l l i c s u r f a c e s i s a l s o g iven by Ragone . 
(3) 

Baukloh and H e n k e have found tha t i r o n , n i cke l , and coba l t w e r e s t r o n g l y 

a c t i v e c a t a l y s t s , w h e r e a s s i l v e r , c o p p e r , z inc , s i l i con , m o l y b d e n u m , 

t u n g s t e n , p a l a d i u m , p l a t i n u m , and the ox ides of c o p p e r , s i l v e r , z inc , 

a l u m i n u m , t i t a n i u m , s i l i con , v a n a d i u m , c h r o m i u m , and m a n g a n e s e w e r e 

i n t e r m e d i a t e in t h e i r c a t a l y t i c ac t i v i t y . It is f a i r ly wel l e s t a b l i s h e d tha t 

t he a c t i v e c a t a l y t i c s i t e i s m e t a l l i c and not a c a r b i d e . C a t a l y t i c s u r f a c e s 

of i r o n wh ich h a d b e e n d e a c t i v a t e d by F e C f o r m a t i o n w e r e found to be 
(4-8) 

r e a c t i v a t e d by a h y d r o g e n t r e a t m e n t wh ich r e m o v e d the c a r b i d e . T h e s e 

r e s u l t s po in t out the i m p o r t a n c e of s e l e c t i n g a l loys for u s e in the r e a c t o r 

p ip ing t h a t e i t h e r a r e i n a c t i v e c a t a l y s t s o r f o r m s t a b l e oxide f i lms which 

p o i s o n the c a t a l y t i c m e t a l l i c s u r f a c e in c a r b o n m o n o x i d e . 

T h e c o m p l e x h e a t - r e s i s t a n t i r o n - and n i c k e l - b a s e a l loys con ta in a 

l a r g e n u m b e r of a l loy ing e l e m e n t s ; s o m e can be ox id ized by the r a t i o of 

C O / C O in e q u i l i b r i u i n wi th g r a p h i t e , w h e r e a s o t h e r s can be c a r b u r i z e d 

by the r a t i o of C O / C O ^ in e q u i l i b r i u m with g r a p h i t e , depending on the 

t e m p e r a t u r e of the g r a p h i t e and the m e t a l and on the to ta l a m o u n t of oxygen 

in the s y s t e m . The f r e e e n e r g i e s of f o r m a t i o n of the o x i d e s and c a r b i d e s 

of e l e m e n t s f r e q u e n t l y found in h e a t - r e s i s t a n t a l l oys and c a r b o n m o n o x i d e 

a t v a r i o u s p a r t i a l p r e s s u r e s a r e p lo t t ed in F i g . 2. At t e m p e r a t u r e s above 

about 1200 F and a t c a r b o n m o n o x i d e p a r t i a l p r e s s u r e s below about 
- 3 

10 a t m , i r o n and m o l y b d e n u m f o r m c a r b i d e s , w h e r e a s z i r c o n i u m and 

a l u m i n u m in the t e m p e r a t u r e r a n g e e n c o u n t e r e d in the MGCR (<1800 F) a r e 
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oxidized. Chromium and niobium a re elements which can be ei ther oxi­

dized or carbur ized in the t e m p e r a t u r e range of in teres t , depending on the 

pa r t i a l p r e s s u r e of carbon monoxide and the t empera tu re . Whether or not 

a complex h e a t - r e s i s t a n t alloy is oxidized and/or carbur ized by the environ­

ments expected in the MGCR had to be determined experimental ly. 

The per formance of niobium and its alloys in the environments 

descr ibed above is par t icu la r ly important , since this c lass of alloys offers 

an a t t rac t ive ly low-neut ron-capture c r o s s section for thermal r eac to r s and 

very good h igh- t empera tu re s t rength. Like chromium, these alloys can 

be oxidized and/or ca rbur ized by the CO"CO„ mix tures expected in the 

MGCR. Unfortunately, because niobium and its alloys dissolve appreciable 

quantit ies of oxygen they a re not protected by their oxides in t empera tu re 

ranges where oxygen diffusion ra t e s in the metal a r e high. 

The purpose of this investigation was therefore fourfold: (1) to 

de te rmine the maximum pe rmis s ib l e par t ia l p r e s s u r e of carbon dioxide 

that could be to lera ted in the r eac to r system without oxidizing and embr i t ­

tling niobium and its alloys; (2) to s c r een the hea t - r e s i s t an t nickel- and 

i ron -base alloys for r e s i s t ance to oxidation and carburizat ion by various 

pa r t i a l p r e s s u r e s of H_, CO, and CO ; (3) to rank the hea t - r e s i s t an t alloys 

according to their catalytic influence on the disproportionation of carbon 

monoxide; and (4) to study the effect of hydrogen additions on the ca rbur i ­

zation of the hea t - r e s i s t an t alloys and on the decomposition of carbon 

monoxide. 

MATERIALS 

The graphite specimens used in these tes t s were all machined from 

AGOT graphi te blocks. The me ta l s selected for evaluation were those of 

in te res t to the MGCR for such applications as fuel cladding, turbine blades, 

p r e s s u r e vesse l s , piping, etc. These naetals ' included niobium and niobium 

alloys, nickel and nickel al loys, austenit ic and fer r i t ic s ta inless s tee ls , 

low-alloy s tee ls , and molybdenum (see Table 1). 



Table 1 

ANALYSIS OF MATERIALS SELECTED FOR TESTING 

Alloy Type 

Austenitic s ta inless steel 

Fe r r i t i c alloys 

Nickel-base alloys 

Refractory m.etals 

Designation 

316 

430 
9 C r - 1 Mo 
5 C r - 1 / 2 Mo 
2-1 /4 C r - 1 Mo 
1-1/4 C r - 1 / 2 Mo 
Croloy 
C-Mo 

"A" Nickel 
Monel 
Inconel 
Inconel X 
Inconel 702 

Molybdenum 
Niobium 
Nb-1 Zr 
Nb-5 Zr 
Nb-5 Ti 
Nb-8 Ti 
Nb-10 Ti 
Nb-20 Ti 

Copper 

Composition 
(%) 

C 

0. 08 

0.05 
0. 12 
0. 11 
0. 10 
0. 12 

0. 12 

0. 10 
0. 15 
0.04 
0.05 
0. 04 

Mn 

1. 51 

0.46 
0. 37 
0. 37 
0.44 
0.45 

0.42 

1.00 
0.21 
0.56 
0. 1 

P 

0.02 

0.014 
0.010 
0.012 
0.019 
0.012 

0.014 

S 

0. 02 

0.010 
0.009 
O.OU 
0.012 
0.023 

0.016 

0.01 
0. 007 
0.007 

Si 

0. 51 

0. 33 
0. 30 
0.41 
0.26 
0.65 

0.21 

0. 1 
0. 19 
0. 31 
0.25 

Ni 

10.98 

99 .4 
67 
76.80 
72.77 
79 

1 

C r 

17.43 

15. 56 
8.60 
4.60 
2.26 
1.20 
0.25 

15.46 
15. 32 
15. 5 

Mo 

2.43 

1.07 
0. 53 
0.98 
0. 52 

0.54 

100 

Nb 

1.01 

100 
99 
95 
95 
92 
90 
80 

Other 

Cu, 0,10; F e , 0.15 (nominal] 
F e , 1 . 4 ; C u . 30 
Cu,0.06; F e , 6 . 7 6 
Cu, 0.08; Al , 0.71; Ti , 2,47; Fe , 6.69 
Fe.O.SO; A l , 3 

o 
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The helium used was Bureau of Mines grade A helium. An average 

analys is for the gas as received was H , 0. 1 ppm; Ne, 15 ppm; N , 1 ppm; 

O , 0. 5 ppm; and H O , 10 ppm. This gas was further purified by passing 

it through a 5A molecular s ieve, a t i tanium-chip t rap at 1500 F , and a 

u ran ium-ch ip t rap at 1000 F. This t rea tment reduced H O to l ess than 

5 ppm and raaintained O at l e s s than 1 ppm. 

The carbon dioxide used as a contaminant was Liquid Carbonic ' s 

welding grade , 99- 9% pure. The carbon monoxide used was Matheson 's 

h igh-pur i ty grade, which contained 99. 8% CO and 0. 2% N , and it was 

passed through a 5A molecular sieve to remove t r aces of CO and H O . 

The impuri ty level was reduced to 3. 5 ppm H O with no detectable CO-. 

The hydrogen used was Liquid Carbonic ' s pure grade, which was further 

purified by passing it through a 5A molecular sieve to remove mois tu re . 

There were no detectable impur i t i es shown by gas chromatographic 

methods . The methane was Matheson ' s commerc ia l grade, which contained 

94. 16% methane, 0. 48% carbon dioxide, 0. 23% nitrogen, 3. 24% ethane, 

1. 12% propane, 0. 23% isobutane, 0. 23% n-butane, 0. 13% isopentane, 

0. 08% n-pentane, 0. 07% heptane, and higher hydrocarbons. It was further 

purified by passing it through a 5A molecular sieve to remove all detectable 

carbon dioxide. 

APPARATUS AND EXPERIMENTAL PROCEDURE 

The apparatus constructed for this investigation is shown schemat i ­

cally in Fig. 3. In this system, t r ace impuri t ies or mix tures of impuri t ies 

were introduced into the purified hel ium s t ream through a controlled var i ­

able leak. The helium containing controlled amounts of impuri t ies was 

passed over the tes t specimens , which were suspended on alumina racks in 

fused si l ica react ion chambers . The apparatus was constructed so that gas 

samples could be bypassed through a gas chromatograph from both the inlet 

and the exhaust of each react ion chamber . The flow rate was measu red by 
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3 

passing the gas s t r eam through a ro t ame te r at 1/4 ft / h r , which c o r r e ­

sponds to a l inear flow of 4 in. /min over the tes t specimens. The gas was 

exhausted through a m e r c u r y t rap to prevent back diffusion of a tmospher ic 

gases and to mainta in a slight posit ive p r e s s u r e in the system. 

Each reac t ion chamber was surrounded by a r e s i s t ance furnace with 

separa te t empera tu re controls for the front and r e a r sect ions. With this 

a r r angemen t it was possible to mainta in ei ther a constant t empera tu re or 

a controlled t empera tu re gradient in each tes t chamber. The specimen 

t e m p e r a t u r e s were m e a s u r e d with thermocouples introduced from both 

ends of the chambers . 

A t e s t was conducted by inser t ing the weighed graphite and/or meta l 

spec imens , evacuating the sys tem, and heating to the test t empera tu re 

slowly enough to mainta in the sys tem p r e s s u r e below 1 ji Hg. After the 

tes t t empera tu re had been reached, pure helium was flushed through the 

sys tem to remove the remaining impur i t i es , and the test gas (helium plus 

controlled impuri t ies) was admitted to the tes t chamber. The inlet and 

outlet gas was periodical ly analyzed to maintain the co r rec t gas composi­

tion. Per iodica l ly , the furnaces were cooled and the specimens removed 

for examination; each specimsn was weighed and photographed immediately 

after removal from the test chamber . X-ray diffraction pat terns were 

obtained from the surface of selected tes t pieces to determine the identity 

of the cor ros ion products . The specimens were then nickel-plated, sec ­

tioned, and p repa red for metal lographic examination. The depth of pene­

t ra t ion was m e a s u r e d and the m i c r o s t r u c t u r a l changes were recorded. 

Microhardnes s measu remen t s were obtained on each sample at the center 

and the edge. Sections of each specimen were analyzed for carbon and 

oxygen for compar ison with ana lyses of corresponding untctited samples . 

CHEMICAL ANALYSES 

The analysis of gas samples was conducted with a Loenco Model 11 

Chromat -O-F lex gas chromatograph. The detector unit contained four 
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hot -wire- f i lament thermal-conduct iv i ty cel ls . The gas for analysis was 

conducted through copper tubing to the chromatograph. Samples taken 

froin the gas s t r eam for analys is were passed through a 6-ft, 5A molecular 

sieve column for the separa t ion and determinat ion of H_, 0_ , N_, CH ., 
Z 2 2 4 

and CO. A 6-ft s i l ica gel column was used for the analysis of CO_. This 

method of analys is , using a 3-ml sample , was accura te to ±5 ppm for all 

gases except H . For the analysis of a constituent of a lower concentration 

than 5 ppm, it was n e c e s s a r y to use a concentrated sample. A 1-liter gas 

sample was concentrated by passing the gas through an activated charcoal 

t r ap submerged in liquid ni trogen, which left the impur i t ies adsorbed on 

the charcoal . The liquid ni trogen was removed and the sample injected 

into the chromatograph for analys is . By using this method of sampling, 

the sensit ivity of the analysis was increased over 300 t imes; however, 

there was a loss in accuracy due to the imperfect concentration. Average 

analyses of the gases a r e l i s ted in Table 2. 

The analysis for carbon in the meta l specimens was conducted in 

two ways. A g rav ime t r i c method of analysis was used for samples thought 

to contain m o r e than 0. 05% carbon. This method was accurate for a 1-g 

sample in the range from 0. 1% to 100% carbon. For this analysis , the 

me ta l specimen was oxidized at 1100 to 1200 C in a s t ream of purified 

oxygen, and the carbon dioxide that formed was trapped from the gas 

s t r e a m as it passed through a weighed Ascar i te t rap. The weight gained 

by the Ascar i te was an indication of the carbon in the sample. A conducti-

m e t r i c analysis was used for samples thought to contain less than 0. 05% 

carbon. For a 1-g sample, this method was accura te in the range from 

0. 035% to 0. 001% carbon. For this type of analysis , the meta l specimen 

was burned in an induction furnace while purified oxygen was passed 

through the system. The carbon dioxide thus produced from the carbon in the 

specimen was passed into a bar ium hydroxide solution, and the carbon 

content was determined from the change in res is t iv i ty of the solution. 
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T a b l e 2 

A V E R A G E S T E A D Y - S T A T E GAS ANALYSES 

M a t e r i a l T e s t e d 

Ni , N i - b a s e a l l o y s , s t e e l s : 
In 0. 5 a t m CO + 0. 5 a t m H2 
flowing at 3 / 4 ft-^/hr 

I n S x 10°^ a t m CO + 5 x IQ-^ 
a t m H2 flowing at 1/4 f t ^ / h r 

Molybdenum: 
In 5 X 10"^ a t m CO + 5 X 10"^ 
a t m H2 flowing a t 1/4 f t ^ / h r 

Nb and Nb a l l o y s : 
In 5 X 10"^ a t m CO + 5 x 10"^ 
a t m H2 flowing at 1/4 f t ^ / h r 

Ca rbon : 
In 0. 5 a t m CO + 0. 5 a t m H2 
flowing at 3 / 4 f t ^ / h r 

In 1 a t m H2 flowing at 
1. 5 f t ^ / h r 

In 1 a t m CH . flowing at 
1. 5 f t ^ / h r 

G a s 
S a m p l e 

L o c a t i o n 

Inle t 
Out le t 

In le t 
Out le t 

In le t 
Out le t 

In le t 
Out le t 

In le t 
Out le t 

In le t 
Out le t 

In le t 

Out le t 

C o n c e n t r a t i o n s of G a s e s 

" 2 

(%) 

50 
48 

0. 5 
0. 5 

0. 5 
0. 5 

0. 5 
0. 5 

60 
60 

100 
100 

+ 

^ 2 
(ppm) 

70 
5 

4 - 5 

- - - -

(*) 
(*) 

0. 46 

0. 04 

^ 2 
(ppm) 

700 
750 

10-20 
10-20 

20 
20 

20 
20 

0. 04 
0. 04 

20 -40 
20 

0. 7 

0. 7 

CO 

(%) 

50 
48 

0 . 5 
0. 5 

0. 5 
0 . 5 

0. 5 
0. 5 

40 
40 

30 

CH^ 

(%) 

1 

+ 

0. 4 

- - -

0. 7 

240 

96 

86 

CO^ 

(%) 

0. 07 
2 

<10 

<10 

<10 

0 . 8 

H^O 

(%) 

15-40 
1 

10-40 
10-40 

40 
40 

6 -20 
6-20 

(*) 
(*) 

{*) 
(*) 

(*) 

(*) 

R e m a r k s 

3, 8% h e a v y h y d r o ­
c a r b o n s 

C o m p l e x , 70% 
a r o m a t i c 

No a n a l y s i s for th i s c o m p o n e n t . 



Exposure in 2 x 10"^ atm ( P c o ••" ^^COz^ 

For the tes ts conducted in helium plus 
-4 

2 x 1 0 atm ( P ^ ^ + 2 P „ _ ), perforated 

graphite plugs were placed at each end of the 

furnace in a quartz react ion chamber. The 

specimens, graphite disks and meta l p ieces , 

were al ternately spaced on an alumina rod, 

using alumina spacers to prevent contact with 

adjacent specimens, and were placed in a 

graphite tube as shown Fig. 4. The tube was 

inser ted in the reaction chamber so that it 

r e s t ed in the cons tan t - tempera ture zone at the F ig . 4 - - E x p e r i 
menta l t es t 

center of the furnace. 

Two react ion tubes were loaded with 

saimples of niobiiim and niobitim + 1% Zr and 

two tubes were loaded with graphite , "A" 

nickel, Inconel X, Inconel, Monel, Type 430 

s tainless steel , and Type 316 s ta in less steel . 

One tube of each group of m a t e r i a l s was ex­

posed at 17 00 F and the other tubes were 

exposed at 1500 F. 

The impurity level was moni tored at all 

t imes at the inlet and exhaust of the react ion 

tubes. When the impuri t ies were outgassed 

from the system, the t race impuri ty (80 ppm 

of CO ) was added to the helium s t r e a m 

through a controlled leak. On entering the 

react ion chamber, the gas passed through the 

front perforated graphite plug, whose tempera­

ture was maintained at about 1200 F; the 

loading 
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carbon dioxide was par t ia l ly converted to carbon monoxide at this point. 

This gas then passed through the perforated graphite plugs (shown in Fig. 4) 

and over the me ta l and graphite samples . After leaving the graphite cylin­

ders the gas passed through another graphite plug at the exhaust. The 
o o 

t empera tu re of the exhaust porous-graphi te plug was 1100 to 1200 F on 

the inside face and 800 to 900 F on the outside face. The exhaust gas 

requ i red about 4 sec to pass through the graphite end plug, after which it 

cooled to room tempera tu re in about 1 min. This quench was apparently 

rapid enough to prevent the disproport ionat ion of carbon monoxide in the 

absence of an appropr ia te catalyst , as indicated by the absence of weight 

gain in the exhaust plugs and the p resence of l ess than 1 ppm CO in the 

exhaust gas . 

Niobium and niobium + 1% Zr were oxidized and carbur ized when 
-4 o 

exposed to 2 x 10 atm CO + CO_. At 17 00 F , the average carbon concen­

t ra t ion in niobium inc reased from 0. 005% to about 0. 0407o in 500 hr; at 

1500 F the carbon content i nc reased by a factor of 2 to 3 in 500 hr (see 

Table 3). The carbur iza t ion occur red as a thin layer of NbC and Nb.C, 

0. 1 to 0. 3 mi l s thick, which^ after it had formed, grew slowly in thickness. 

In addition to the carbur izat ion, the two niobium specimens exposed in 
* o 

posit ions 1 and 2 at 1500 F became very bri t t le in 400 to 500 hr. X-ray 

diffraction pat terns taken from the surface of the embri t t led specimens 

revea led the two oxides NbO and NbO . Metallographic examination 

showed pits 6 to 8 mi l s deep that contained a white and a gray phase, 

p resumably NbO and NbO (see Fig. 5). Macroscopical ly, these pits 

appeared as surface b l i s t e r s . 

The resu l t s for the niobium + 1% Zr alloy were s imi lar to those for 

niobium. The two carbides NbC and Nb C were found on specimens at 

1500 and 1700 F. The specimens in position 1 at 1500 F became very 
The graphite specimen chamber was divided into four positions of 

equal length which were numbered from 1 to 4 going from the inlet to the 
outlet. 



Table 3 

SUMMARY OF RESULTS FOR METALS EXPOSED TO 2 x lO ' ATM ( P Q C + 2PCO2) 

M a t e r i a l 

IMiobium (C.P . ) 

Niob ium + 1% Z r 

Type 430 SS 

T i m e 
(hr) 

94 

4 0 6 

500 

94 

4 0 6 

500 

94 

4 0 6 

5 0 0 

94 

4 0 6 

500 

4 0 6 

500 

4 0 6 

500 

T e m p . 
(°F) 

1500 

1500 

1500 

1700 

1700 

1700 

1500 

1500 

1500 

1700 

1700 

1700 

1500 

1500 

1700 

1700 

Zone 

1 

1 

4 

1 

1 

4 

1 

1 

4 

1 

1 

4 

1 

4 

4 

1 

P e n e t r . 
(mi l s ) 

0. 1 

8 . 0 

0 . 2 

0. 2 

0. 1 

0. I 

0. 3 

0. 1 

0. 1 

0. 1 

0. 5 

0. 3 

<0. 1 

<0. 1 

0. 5 

0 . 8 

P e r cent 

In i t ia l 

0. 005 

0. 005 

0. 005 

0. 005 

0. 005 

0 .005 

0. 004 

0. 004 

0. 004 

0. 004 

0. 004 

0. 004 

0. 078 

0 .078 

0 . 0 7 8 

0 . 0 7 8 

C a r b o n 

F i n a l 

0. 005 

0. 01 

0. 14 

0 . 2 5 

0 . 2 7 

0. 35 

0 .007 

0. 004 

0. 015 

0. 24 

0 . 4 6 

0 . 4 1 

0. 066 

0 . 0 7 1 

0. 141 

0. 152 

C o r r o s i o n 
P r o d u c t s * 

( N b ^ C ) ^ . ( N b C ) ^ 

(Nb C) (NbC) . 
•u s s 

(NbO) , ( N b O J 
w 2 w 

(Nb^C) , (NbC) 
2 s s 

(NbC) . ( N b C ) 
s 2 s 

(NbC) , ( N b C) 
s 2 s 

(NbC) . ( N b C) 
S L> S 

(Nb ,C) . (NbC) 
Z m w 

(Nb^C) . (NbC) 
Z s m 

(Nb,C) . (NbC) 
^ s m 

(Nb C) (NbC) 
Z m m 

(Nb,C) . (NbC) 
^ s s 

(Nb^C) , (NbC) 
2 s s 

(Spinel) 

(Spinel) 
m 

(Spine l )^ . ( C r ^ O ^ ) ^ 

(Spine l )^ . ( C r ^ O ^ ) ^ 

R e m a r k s 

C a r b i d e s u r f a c e l a y e r 

Oxide p i t s ; b r i t t l e 

C a r b i d e s u r f a c e l a y e r 

C a r b i d e s u r f a c e l a y e r 

C a r b i d e s u r f a c e l a y e r 

C a r b i d e s u r f a c e l a y e r 

C a r b i d e s u r f a c e l a y e r 

C a r b i d e s u r f a c e l a y e r ; b r i t t l e 

C a r b i d e s u r f a c e l a y e r 

C a r b i d e s u r f a c e l a y e r 

C a r b i d e s u r f a c e l a y e r 

C a r b i d e s u r f a c e l a y e r 

C a r b u r i z e d 

C a r b u r i z e d 

The subscript s is the small diffraction pattern; m . the medium diffraction pattern; and w, the weak 
diffraction pattern. 



Table 3--continued 

M a t e r i a l 

Type 316 SS 

Inconel 

Inconel X 

"A" Nicke l 

T i m e 
(hr) 

4 0 6 

500 

4 0 6 

500 

4 0 6 

500 

406 

500 

4 0 6 

500 

4 0 6 

500 

100 

500 

100 

500 

T e m p . 

1500 

1500 

1700 

1700 

1500 

1500 

1700 

1700 

1500 

1500 

1700 

1700 

1500 

1500 

1700 

1700 

Zone 

1 

4 

4 

1 

1 

4 

4 

1 

1 

4 

4 

1 

1 

4 

4 

1 

P e n e t r . 
(mi ls) 

0. 2 

0. 1 

0 . 2 

0 . 2 

0 . 4 

0. 5 

0 . 2 

0 . 3 

0 . 7 

0 . 6 

0. 2 

0 . 2 

<0. 1 

<0, 1 

<0. 1 

<0. 1 

P e r cenf 

Ini t ia l 

0 .066 

0 .066 

0. 066 

0. 066 

0. 004 

0. 004 

0. 004 

0. 004 

0. 032 

0. 032 

0. 032 

0 .032 

0 .065 

0. 065 

0. 065 

0. 065 

C a r b o n 

F ina l 

0 .072 

0. 070 

0 .098 

0. 120 

0 .001 

0. 004 

0 . 0 0 1 

0. 008 

0 ,010 

0 .024 

0. 016 

0. 033 

0. 001 

0 .034 

0.''076 

0 .061 

C o r r o s i o n 
P r o d u c t s * 

(Spinel) 
S 

(Spinel) 

(Spinel)^ , ( C r ^ O ^ ) ^ 

(Spinel)^ . ( C r ^ O ^ ) ^ 

( C r ^ 0 3 ) ^ . ( S p i n e l ) ^ 

( C r ^ 0 3 ) ^ . ( S p i n e l ) ^ 

^^^2°3lv 
^^^2°3U 
( C r ^ 0 3 ) ^ . ( S p i n e I ) ^ 

^ ^ ' 2 ^ 3 ^ 
(Cr^O^)^ . (Spinel ) 

( C r ^ 0 3 ) ^ . ( S p i n e l ) ^ 

None 

None 

None 

None 

R e m a r k s 

The subscript s is the small diffraction pattern; m. the medium diffraction pattern; and w. the weak 
diffraction pattern. 

w 
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Table 3--continued 

Material 

Monel 

Duranickel 

Time 
(hr) 

406 

406 

406 

406 

406 

406 

Temp. 
(OF) 

1500 

1500 

1700 

1700 

1500 

1500 

Zone 

1 

4 

1 

4 

1 

4 

Penet r . . 
(mils) 

2.0 

<0. 1 

<0. 1 

<0. 1 

0.5 

<0. 1 

P e r cent Carbon 

Initial 

0.071 

0.071 

0.071 

0.071 

0. 132 

0. 132 

Final 

0.001 

0. 043 

0.049 

0.074 

0. 132 

0. I l l 

Corrosion 
Products 

None 

None 

None 

None 

Remarks 

Inter granular at tack 
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Fig . 5--Photoni icrograph of niobium exposedfor 500 hr 
at 1500°F in helium + 2 x 10""* atm ( P c o + '^'^COT)" 
l a rge pit 6.0 mi ls deep; cor ros ion p roduc t s : NbC, 

Nb^C, NbO, NbO^ (500x) 

bri t t le in 500 hr and the hardness data indicated that oxygen contami­

nation had occur red at 1500 and 17 00 F. Typical weight gain v e r s u s 

t ime data (Figs. 6 and 7) show rela t ively smal l weight gains, with the 

l a rges t changes occurr ing on samples exposed in position l - - t h e m o r e 

oxidizing position. The metal lographic and diffraction data a r e summa­

rized in Table 3. 

Types 430 and 316 s ta inless steel showed lit t le evidence of c a r -
o -4 

burization after 500 hr at 1500 F in 2 x 10 atm ( P p o + 2Ppp, ); how-CO C02^ 
ever, when exposed at 1700°F, chemical analysis revealed that both alloys 

increased significantly in carbon content. The m i c r o s t r u c t u r e of Type 430 

s ta inless steel carbur ized at 17 00 F is shown in Fig. 8. Both of these 
o o 

s tainless s teels were oxidized by this environment at 1500 and 1700 F 

and formed surface films of spinel and C r _ 0 . The maximxim oxide pene-

trat ion in all cases was l ess than 1. 0 mi l (see F igs . 9a and b). 
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1.0 
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0.1 

_ 
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^ ^ ^ ^ Z O N E 4 
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10 100 

TIME (HR) 
1000 

Fig . 6--Weight gain ve r sus t ime for niobium in helium + 2 x 10 atm 

1.0 

o 
o 
s 

r 

0.1 
10 

ZONE 4 

"ZONE 3 

J _ „ l J L 
100 

TIME (HR) 
1000 

Fig . 7--Weight gain v e r s u s time for niobium + 1% Zr in helium + 2 x 10" 
a tm ( P ^ ^ + 2 P ^ ^ ) at nOO^F 

^ CO COz 
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Fig. 8 - -Micros t ruc tu re of Type 430 s ta inless s teel 
exposed for 500 hr at 17 00°F in helium + 2 X 10"'^ atm 

( P Q Q + 2 P Q Q ) - - c o m p l e t e l y carbur ized (500x) 

Chemical analysis of Inconel and Inconel X specimens exposed in 
_4 

2 x 1 0 atm ( P „ ^ + 2P ) indicated that l i t t le , if any, carbur iza t ion 

occur red at either 1500° or 1700°F. These r e su l t s were substantiated by 

metal lographic exaimination. The cor ros ion products identified on the 

surface of these alloys after exposure were mainly Cr O and spinel and 

in all cases were l e s s than 1 mi l thick. 

"A" nickel formed no surface reac t ion products in this a tmosphere . 

It decarbur ized in all positions at 1500 F and decarbur ized in posit ions 

1, 2, and 3 in 500 hr at 17 00 F. Metallographic examination revealed no 

significant attack. 

The behavior of Monel was s imi lar to that observed for nickel. All 

specimens decarburized at 1500 F and the specimens in posit ions 1, 2, and 
o o 

3 decarbur ized at 1700 F. The specimens in position 4 at 1700 F carbu­

r ized slightly. Metallographic examination revealed an in te rgranular 

attack to a maximum depth of 2 mi l s on samples exposed in posit ions 
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I X t l ' l l| KiK II * Il'i1<i'lp||iill ••^r-9^: 

•i fc-yu.n 

(a) Type 316 s ta in less steel 

(b) Type 430 s ta in less steel 

F ig . 9--Surface oxide formed on s ta inless steel ex­
posed for 500 hr at 1700°F in helium + 2 x lO"'^ a tm 

(PCO + 2Pc02)"~ '^°^^°^^°^ P^°^^c*s : spinel and 
(Cr , Fe )203 (500x) 
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1 and 2 for 406 hr at 1500 F (see Fig. 10). This was probably due to 

a l ternate oxidizing and reducing conditions at the inlet end of the graphite 

tube. 

No carbon transport was observed at the partial pressure 2 x 10" atm 

^ ĉo ' ^ ĉo )̂-

Fig. 10--Photomicrograph of Monel exposed for 406 hr 
at 1500°F in helium + 2 x l O ' ^ atm (PcQ "̂  ^^COz^"" 

in tergranular at tack 1. 5 mi ls deep (500x) 

Exposure in 10"^ atm ( P ^ - Q "*" ^^CO ^ 

The 10 a tm (PnO ^ ^'^CO?^ tes t s were conducted in a manner very 

s imilar to the 2 x 10" a tm (PcQ + ^-^CO?^ t e s t s , except that graphite and 

meta l specimens were placed a l ternate ly in the exhaust end of the furnace 

to study the react ions of the gases on the me ta l s at lower t e m p e r a t u r e s . 

The metal lographic and diffraction data a re summar ized in Table 4. 

During the f i rs t 100 hr of this exposure , carbon dioxide was me te red 

into the helium s t r eam, reac ted with graphite at 1700 F , and passed over 

the specimen, also at 1700 F . During the following 400 hr of exposure , 



Table 4 

SUMMARY OF RESULTS FOR METALS EXPOSED TO 10"- ATM ( P C Q + ^ P c o ^ ^ 

M a t e r i a l 

N i o b i u m 

N i o b i u m + 1% Z r 

N i o b i u m -t- 5% Z r 

N i o b i u m f 5% T i 

N i o b i u m + 8% T i 

N i o b i u m + 10% T i 

430 SS 

U 6 SS 

I n c o n e l 

T i m e 
(h r ) 

500 

500 

100 

100 

500 

500 

100 

500 

500 

400 

400 

400 

400 

400 

400 

500 

500 

500 

500 

500 

500 

500 

T e m p . 

1700 

1700 

1700 

1700 

1700 

1700 

1700 

1700 

1700 

1700 

1700 

1700 

1700 

1700 

1700 

1700 

1700 

840 

1400 

1700 

1700 

1700 

Z o n e * 

3 

P e n e t r . 
( m i l s ) 

1 8 . 0 

1 4 . 0 

6 . 0 

IZ .O 

>30 

>30 

3 . 0 

3 . 0 

15 

1 0 . 0 

6 . 0 

0 . 1 

0. 1 

4 . 0 

5 . 0 

>30 

>30 

<0. 1 

0 . 8 

0 . 8 

1.2 

1.0 

P e r c e n t C a r b o n 

I n i t i a l 

0 . 0 0 1 

0 . 001 

0 . 0 0 1 

0 . 0 0 4 

0 . 0 0 4 

0 . 0 0 4 

0. OZO 

0 . 0 2 0 

0 . 0 2 0 

0 . 0 1 5 

0 . 0 1 5 

0 . 0 3 0 

0 . 0 3 0 

0 . 0 2 2 

0 . 0 2 2 

0 . 0 8 

0 . 0 8 

0 . 0 4 5 

0 . 0 4 5 

0 . 0 4 5 

0 . 0 1 6 

0 . 0 1 6 

F i n a l 

2 . 4 0 

1 .90 

1 .21 

1 .29 

0 . 2 4 

0 . 2 3 

0 . 107 

0. 137 

0 . 2 8 

0. 34 

0 . 2 0 

0 . 2 3 

0. 122 

0 . 0 8 

0 . 0 7 7 

0. 104 

0 . 121 

0 . 0 3 0 

0 . 0 2 6 
„ i 

C o r r o s i o n P r o d u c t s ' 

(NbC) , ( N b O , ) 

(NbC) . ( N b O , ) 

(NbC) , ( N b O ) , ( N b O , ) , C N b O , O J 
n i j ^ 6 s ^ 3 "w 

(NbC) .(NbO) ,(NbO,) , ( N b , O J 

(NbC) ,(NbO) .(NbO^) 

(NbC) ,(NbO,) 

(NbC) .(Nb-C) ,(NbO) ,{NbO,) 
s 2 s m & s 

(NbC) , (Nb,C) , (NbO,) s 2 m 2 w 
(NbC) ,(Nb C) 

(NbC) , (Nb,C) ,(TiC) 
s 2 m m 

(NbC) ,(Nb C) 
s 2 w 

(NbC) , (Nb,C) ,(TiC) 

(NbC) , (Nb,C) ,(TiC) 
s 2 nn m 

(NbC) , (Nb,C) _,(TiC) 

{NbC)_.(Nb C ) ^ 

(Spinel)^, ( C r ^ O j ) ^ 

(Spinel)^, ( C r ^ 0 3 ) ^ 

(Spinel)^, [ ( C r . F e ) 2 0 3 ] ^ 

(Spine l )^ . (Cr203)^. 

(Spinel) 

(Spinel) [ ( C r . F e ) , O j 

(Spinel) , [ ( C r , F e ) , O j 
m '- i m 

Weight Change 
(mg/cm^) 

+23.0 

+25.0 

+5.25 

+ 10.06 

+21.0 

+ 17.0 

+8 .8 

+9 .5 

+8.7 

+2 .45 

+ 1.32 

+ 1.42 

+ 1.28 

+ 2. 17 

+ 1.75 

+ 0.415 

+0.265 

+0.07 

+ 0.73 

+0.25 

+0.415 

+0.435 

R e m a r k s 

Oxide-carbide surface layer 

Oxide-carb ide surface layer 

P i t s 

Gra in-boundary at tack 

Gra in-boundary at tack 

P i t s 

Oxide-carbide surface layer 

P i t s 

Solid-solution surface layer 

Solid-solution surface layer 

So l id-solut ion surface layer 

Solid-solution surface layer 

Completely ca rbu r i zed 

Completely ca rbu r i zed 

Internal oxidation 

Internal ox ida t ion- -sca l ing 

Internal oxidation 

Internal oxidation 

Zones 1 and Z a r e at the inlet and zones 3 and 4 a re 
tXhe subscr ip t s is the small diffraction pat tern; m . 

at the outlet. 
the medium diffraction pattern; and w, the weak diffraction pat tern. 



Mater ia l 

Inconel X 

"A" Nickel 

Monel 

Time 
(hr) 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

Temp. 
(°F) 

1700 

1700 

1300 

1700 

1700 

1250 

1700 

1700 

1470 

1140 

Zone" 

1 

3 

4 

1 

3 

4 

1 

3 

4 

4 

P e n e t r . 
(mils) 

1.8 

1 .5 

6 . 0 

<0. 1 

<0. 1 

<0. 1 

3 . 0 

7 . 0 

<0. 1 

<0. 1 

P e r cent Carbon 

Initial 

0.035 

0.035 

0.035 

O.OU 

0.011 

O.OU 

0.096 

0.096 

0.096 

0.096 

Final 

0.067 

0.075 

0.22 

0.008 

0.039 

0.074 

0.028 

0.035 

0.049 

0.096 

Table 4--cont inued 

Corros ion P r o d u c t s ' 

(Spinel) . [ ( C r . F e ) 2 0 ] 

(Spinel) . [ ( C r . F e ) O ] 

None 

None 

None 

None 

None 

None 

None 

None 

Weight Change 
(mg/cm2) 

+ 1.30 

+ 1.22 

+ 1.09 

- 0 . 0 3 

-0 .66 

- 0 . 0 1 

+ 0. 13 

+0. 15 

+0.01 

+ 0.09 

R e m a r k s 

Internal oxidation 

Internal oxidation 

Carbur ized; 1. 5-mil in terna l 
oxidation 

Fine gra in-boundary prec ip i ta te 

Fine gra in-boundary prec ip i ta te 

Zones 1 and 2 are 
+The subscript s is 

at the inlet and zones 3 and 4 are at the outlet. 
the small diffraction pattern; m, the medium diffraction pattern; and w, the weak diffraction pattern. 
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carbon monoxide instead of carbon dioxide was me te red into the helium, 

reac ted with graphi te at 1700 F , and passed over the meta l specimens . 

New alloy specimens were added after the f irs t 100 hr and were exposed 
-2 

only to the helium + 10 atm CO. 

The niobium-zirconium alloys tes ted for 100 hr were badly oxidized 

and carbur ized by this CO-CO mix tu re and were completely embri t t led. 

The weight gains of n iobium-zirconium compared with pure niobium were 

la rge (see F igs . 11 and 12). Diffraction pat terns taken from the surfaces 

of these specimens revealed the p resence of the three oxides of niobium 

and the two carbides (see Table 4). Specimens present during both expo­

sures formed surface oxides in the f i rs t 100 hr , which were reduced by 

the carbon monoxide in the las t 400 hr. This was evidenced by the X-ray 

data obtained from specimens after 100 hr and again after 500 hr. Very 

strong oxide l ines were obtained after the f irs t 100-hr exposure in CO-CO 

and disappeared or became much weaker in the subsequent 400-hr exposure 

to carbon monoxide. Specimens presen t only during the 400-hr period 

when carbon monoxide was me te red into the helium s t r eam formed surface 

l aye r s containing only the carb ides . 

Metal lographic examination revealed that the oxide-carbide layer 

penetrated to a depth of 6 to 12 mi l s in 100 hr at 1700 F. Figure 13 is a 

typical photomicrograph of this attack on niobium + 1 % Zr. 

The two s ta in less s tee ls , Types 430 and 316, exposed at 1700 F, and 

the specimen of Type 316 exposed in the exhaust end of the tube at 1400 F , 

were carbur ized after the 500-hr exposure. Chemical analysis of the 

specimens before and after exposure revealed appreciable inc reases in 

carbon content, and the metal lographic examination showed severe carbu­

rizat ion of Type 430 s ta inless steel at 1700 F and slight carburizat ion of 

Type 316 s ta in less steel at 1400 F. 

Diffraction pa t te rns indicated that the corros ion product present on 

the surface of Types 430 and 316 s ta inless steel was a mixture of 

(CrjFe)^O and spinel. Weight gain ve r sus t ime data a re plotted in 
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helium + 10-2 a tm ( P ^ Q + 2 P ^ Q J a t 1 7 0 0 O F 

30.0 

20.0 -

o 

o 
I-
X 
o 

ZONE I 

10.0 

3.0 
100 

ZONE 2-. 

ZONE 3 

TIME(HR) 

J _ J _ J _ i _ L 
1000 

F i g . 12--Weight gain, ve r sus ti«ie for niobium + 1% 
Zr in helium + lO '^ a tm ( P ^ o "*" ̂ ^CO?^ ** nOO°F 
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Fig. 13--Photomicrograph of niobium + 1% Zr exposedfor 
lOOhr at 1700°F in helium + lO '^ a tm ( P Q Q + ^ P Q Q ) - -
penetration, 12.0 mi l s ; cor ros ion produc t s : NbC, NbO, 

NbO^, Nb205 (500x) 

F i g s . 14 and 15. Metallographic examination of the cor ros ion products 

formed on Type 316 s ta inless steel revealed pits 4 mi l s deep after 500 hr 

at 1700°F (see Fig . l 6 ) . 

Inconel and Inconel X showed no metal lographic evidence of c a r b u r i -

zation at 1700 F; however, the carbon analysis before and after exposure 

indicated that a small amount of carbon had been picked up during the 

500-hr exposure at 1700 F . An Inconel X specimen exposed for 500 hr at 
o 

1320 F showed definite metal lographic evidence of carbur iza t ion (see 

F ig , 17). Both of these n ickel -base alloys formed surface oxides contain­

ing Cr O and spinel , which tended to penetra te in te rg ranu la r ly . The 

thickest l aye r s were formed on Inconel X (see F ig , 18). Weight gains 

after exposure a re plotted in F i g . 19. 

"A" nickel and Monel were affected very l i t t le by exposure in this 
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Fig. 14--Weight gain ve r sus t ime for Type 316 s ta in less steel 
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Fig. 15--Weight gain ve r sus t ime for Type 430 s ta inless steel 
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in helium +10-2 ^^^^ ( P c o + 2^00?^ ^t 1700°F 
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Fig . l6 - -Photomicrograph of Type 316 s ta in less s teel 
exposed for 500 hr at 1700°F in hel ium + 10-2 ^ tm 
(^CO + 2Pc02)"-P^^^*^^ti° '^» '^•^ mils} cor ros ion 

product: spinel (500x) 

F ig . 17- -Photomicrograph of Inconel X exposed for 
5 0 0 h r a t l 3 2 0 O F inhe l ium+ lO '^ a t m ( P c O + 2PC02)— 

carbur iza t ion 6.0 mi l s (600x) 
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Fig . 18--Photomicrograph of surface oxide formed on 
Inconel X in 500 hr at 1700°F in helixim + lO '^ a tm 

(Fe ,Cr )203} penetra t ion, 1,8 mi l s (500x) 
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Fig . 19—Weight gain ve r sus t ime for Inconel X in heli\im + 1 0 " a tm 
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environment. No cor ros ion products were formed and metal lographic 

examination revealed no significant attack. 

No carbon t r anspo r t was observed at this CO-CO_ level. 

Exposure in 1 a tm Carbon Monoxide 

The exposures in 1 atm of flowing carbon monoxide were ca r r i ed out 
o o 

with the react ion chamber in a t empera tu re gradient from 1700 to 150 F 

in the absence of graphi te . This was done p r imar i ly to study the catalytic 

disproport ionat ion of carbon monoxide on the surface of hea t - r e s i s t an t 

al loys. The r e su l t s indicate that the low-alloy s tee ls were mos t effective 

in catalyzing the disproport ionation. A summary of the resu l t s is given in 

Table 5. Above 1000 F these s tee ls were covered with a thick coat of 

sooty graphite . Examples of this deposit on two low-alloy s tee ls a r e shown 

in F igs . ZOa and b. The nature of the carbon deposit is i l lus t ra ted in the 

photomicrograph of Fig. Zl. 

Types 430 and 316 s ta in less steel were much l e s s effective cata lys ts 

than low-alloy s teel . Type 430 s ta in less steel , after 500 hr in flowing 

carbon monoxide, acquired a very slight sooty surface deposit a t 1550 F , 

whereas specimens exposed at 8Z0 , 1300 , and 1480 F had no graphite 

deposited on them (see Fig. 2Za). At 1370 F and above, spinel and 

Cr O were identified on the surface of Type 430 s ta inless steel and carbu-

r iza t ion occur red . Type 316 s ta in less steel accumulated a smal l amount 

of graphite on the surface after 500 hr at 1250°F and 1610°F (see Fig. 22b). 

Surface oxides that formed on specimens exposed at 1130 F and above were 

identified as spinel and Cr O . Specimens exposed at 1250 F and above 

were carbur ized. 

At 1390 F and above, thin, adherent graphite deposits ranging from 
2 

4 to 7 m g / c m were formed on "A" nickel and Monel (see Table 5 and 
Figs . Z3a and b). Metal lographic examination of Monel exposed at 

o o 
1380 and 1470 F revealed an intimately bonded graphite layer on the 
surface which penet ra ted to a maximuna depth of 2. 0 mi l s in 500 hr. A 



Table 5 

SUMMARY OF RESULTS FOR IRON- AND NICKEL-BASE ALLOYS EXPOSED TO 1 ATM CO 

T " 

Material 
Time 
(hr) 

Temp. 
(°F) 

Penetr . 
(mils) 

Pe r cent Carbon 

Initial Final Corrosion Products 

Weight 
Change 

(mg/cm^) Remarks 

C-1,/2 Mo 

1/4 Cr 

1-1/4 C r - l / Z Mo 

2-1/4 Cr-1 Mo 

5 Cr -1 /2 Mo 

! 500 

i 500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

100 

100 

100 

100 

500 

500 

500 

500 

1550 

1430 

1270 

300 

1590 

1450 

1110 

470 

180 

1600 

1290 

800 

130 

1610 

1250 

810 

130 

1510 

1440 

970 

200 

>30 

>30 

>30 

<0. 1 

>30 

>30 

<0. 1 

<0. 1 

<0. 1 

>30 

>30 

<0. 1 

<0. 1 

>30 

2.0 

<0. 1 

<0. 1 

I >3b 
! <0. 1 

1 <0. 1 

I <0. 1 

0. 12 

0. 12 

0. 12 

0. 12 

0. 10 

0. 10 

0. 10 I 

0. 10 I 

0. 10 ! 

0.09 j 

0.09 I 

0.09 

0.09 

0.09 

0.09 

0.09 

0.09 

0. 12 

0. 12 

0. 12 

0. 12 

2.07 

0.268 

0.012 

6.21 

2.98 

0. 18 

0.098 

0. 11 

10.6 

2.31 

0. 152 

0. 094 

3.61 

0. 148 

0.09 

0.094 

0.22 

0. 12 

0. 13 

Graphite, 

Graphite, 

Graphite, 

None 

Graphite, 

Graphite, 

None 

None 

None 

Graphite, 

Graphite, 

None 

None 

Graphite, 

None 

None 

None 

Graphite, 

None 

None 

None 

carbides 

carbides 

carbides 

carbides 

carbides 

carbides 

carbides 

I r bides 

carbides 

+24. 9 Completely carburized; 50-mil graphite deposit 

Coinpletely carburized; 30-rriil graphite deposit 

+ 1.87 ; Corapletely carburized; 0. 5-inil graphite deposit 

-0 . 02 ' 

+20.0 

>l-20. 0 

+0.58 

+ 0.01 

+0.02 

>+20 

>+20 

+0,08 

+0.01 

+ 1.01 

+0.07 

+0.03 

Completely carburized; 10-mil graphite deposit 

Completely carburized; 10-mil graphite deposit 

Completely carburized; 7. O-mil graphite deposit 

Completely carburized; 10. O-mil graphite deposit 

Completely carburized 

Grain-boundary carburization 

Completely carburized 



Table 5--continued 

Material 
9 Cr-1 Mo 

430 SS 

316 SS 

Inconel 

Inconel X 

* 

Time 
(hr) 
500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

Temp. 
(°F) 
1570 

1300 

950 

170 

1540 

1300 

1370 

820 

190 

1580 

1350 

1130 

870 

1580 

1350 

930 

400 

1590 

1390 

770 

150 

Penetr . . 
(mils) 
>30 

<0. 1 

<0. 1 

<0. 1 

>30 

>30 

<0.1 

<0. 1 

<0. 1 

10.0 

5 .0 

0. 1 

0 .1 

>30 

3. 5 

<0. 1 

<0. 1 

1.8 

<0. 1 

<0. 1 

<0. 1 

Pe r cent Carbon 

Initial 

0.08 

0.08 

0.08 

0.08 

0.08 

0.08 

0.08 

0.08 

0.08 

0,045 

0.045 

0.045 

0.045 

0.016 

0.016 

0.016 

0.016 

0.035 

0.035 

0.035 

0.035 

Final 

0. 12 

0. 11 

0.086 

0. 18 

0.24 

0.095 

0.091 

0.07 

0.30 

0. 17 

0.075 

0.044 

0.097 

0.015 

0.019 

0.015 

0.086 

0.030 

0.030 

0.044 

* 
Corrosion Products 

Graphite, carbides 

None 

None 

None 

(Spinel)^, (Cr^Oj)^ 

None 

(Spinel)^. (Cr^O^)^ 

None 

None 

(Spinel) 

(Spinel) 

(Spinel)^. (Cr203)^ 

None 

(Cr^Oj)^, graphite 

(Spinel)^, (Cr^Oj)^ 

None 

None 

(Spinel) . [ ( C r , F e ) 0 3 ] 
s 

None 
None 

None 

Weight 
Change 

(mg/cm2) 

+ 1.3 

+0.04 

+0.01 

+ 1.0 

+2.0 

+0.01 

+ 0.02 

-0.01 

+ 1.6 

+ 0.96 

+0.08 

+ 0.02 

+ 17.7 

+ 0.90 

+0.019 

+ 0.006 

+ 1.57 

+0.01 

+0.01 

+ 0.01 

Remarks 

Completely carburized; 50-mil graphite 

Completely carburized 

Completely carburized 

Carburized 

Internal oxidation 

Completely carburized; 2. 5-inil grain-
boundary oxide 

Internal oxidation 

Internal oxidation 

deposit 

The subscript s is the small diffraction pattern, and w the weak diffraction pattern. 



Table 5--continued 

Material 

"A" Nickel 

Monel 

Time 
(hr) 

500 

500 

500 

500 

500 

500 

500 

500 

500 

Temp. 
(°F) 

1600 

1020 

550 

120 

1500 

1470 

1380 

860 

250 

Penetr . 
(mils) 

>30 

<0. 1 

<0. 1 

<0. 1 

1.0 

2. 0 

2 . 0 

<0. 1 

<0. 1 

Per cent Carbon 

Initial 

0.011 

0.011 

0.011 

0.011 

0.096 

0.096 

0.096 

0.096 

0.096 

Final 
0.52 

0.078 

0.083 

0.076 

0.35 

1.08 

1. 15 

0.084 

0.081 

Corrosion Products 

Graphite 

None 

None 

None 

Graphite 

Graphite 

Graphite 

None 

None 

Weight 
Change 

(mg/cm2) 

+4. 30 

+ 0. I 

0.000 

0. 000 

+4.0 

+ 17. 1 

+ 16.9 

+ 0. 013 

+ 0.02 

Remarks 
Massive graphite precipitate in metal 



125°F 480°F 

\ 3 

980' F 

(a) 

1600°F 1390°F 

1510 F 1440°F 

(b) 

840°F 220°F 

Fig, Z0--Steel samples exposed to 1 a tm of flowing CO^ (a) Croloy p r e s s u r e - v e s s e l s teel exposed for 
500 hr ; (b) s teel (5 Cr—l/Z Mo) sections exposed for 100 hr 
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s imilar surface layer developed on the "A" nickel specimens and, in 

addition, the specimens exposed at 1600 F developed a m a s s i v e graphite 

precipi ta te in the m i c r o s t r u c t u r e . 

Fig. 21- -Carbon deposit {preserved by e l ec t ro l e s s 
nickel) formed on Croloy (1/4 Cr) after 500hr at 1450°F 

in 1 a tm CO 

Inconel did not catalyze the disproport ionat ion of carbon monoxide at 

t empera tu res up to and including 1330 F , but at 1580 F a graphite surface 
2 

layer formed with a result ing weight gain of 17. 7 m g / c m in 500 hr (see 

Fig. 24). At 1380 F two surface oxides, spinel and Cr O , were detected 

by X- ray diffraction, but at 1580 F only graphite and C r _ 0 were detected. 

The oxide formed at 1330 F and the graphite deposit at 1580 F a r e i l lus ­

t ra ted in Figs . 25 and 26. 

Inconel X was par t icu lar ly outstanding in not catalyzing the d i sp ro ­

portionation of carbon monoxide. Specimens exposed for 500 hr in 

1 atm CO are shown in Fig. 27. The specimens exposed at 770 and 

1390 F were only slightly ta rn ished by the exposure; no surface oxide 



1300°F 1550°F 1480°F 

(a) 

820°F 200°F 

1250°F 1610°F 1130°F 

(b) 

680°F 140°F 

Fig. 22--Stainless steel exposed to 1 atm of flowing CO for 500 hr: (a) Type 430; (b) Type 316 



1610°F 

1390°F 

103CPF 
(a) 

560°F 130°F 

1510°F 1550°F 870°F 2600F 

(b) 

Fig. 23--Samples of nickel and Monel exposed to 1 atm of flowing CO for 500 hr: (a) nickelj (b) Monel 

PMN 

1330°F 1580°F 940°F 410°F 

Fig. 24--Inconel exposed to 1 atm of flowing CO for 500 hr 

130OF 
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Fig . 25--Surface oxide formed on Inconel in 500 hr at 
1330°F in 1 a t m CO (500x) 

4 ^ ^ 4 

-^^% 

F i g . 26—Graphite deposited on Inconel in 600 h r at 
1580°F in 1 a tm CO (500X) 
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could be detected by X- ray diffraction. At 1590 F , a thick protect ive oxide 

of spinel and (Cr, F e ) „ 0 was formed, which was effective in preventing 

the catalytic decomposit ion of carbon monoxide on the m.etal surface 

(see Fig. 28). 

The r e su l t s of exposure of niobium and five niobium-base alloys to 

1 atm of flowing carbon monoxide have been summar ized in Table 6. Above 

about 7 00 F a thin surface layer , identified by X- ray diffraction as a 

mix ture of carb ides , developed on all al loys. The carbide layer in no case 

exceeded 0. 2 mi l in thickness and was not accompanied by embri t t lement . 

The alloys containing 5% zirconium and 5% or 10% titanium exhibited, in 

addition to the thin carbide layer , a zone on the surface which appeared to 

be a contaminated solid solution. The 8% and 10% titanium alloys gained 

the mos t weight during the exposure , though these weight gains were 
2 o 

s m a l l - - 2 m g / c m in 500 hr at 1600 F. 

No disproport ionat ion of carbon monoxide on niobium or any of its 

alloys was observed. F igure Z9 shows the niobium specimens (typical also 

of the alloys) exposed to 1 atm CO at the indicated t empera tu re s . 
Exposure in 0. 5 a tm CO + 0. 5 a tm H2 

The exposures in 0. 5 atm CO + 0. 5 a tm H were conducted in a 
o o 

t empera tu re gradient of 17 00 to 150 F. The purpose of these tes t s was 

to determine the effect of hydrogen on the deconaposition of carbon mon­

oxide on various r eac to r m a t e r i a l s . Table 7 summar izes the resu l t s of 

these t e s t s . 

The m a t e r i a l s mos t effective in catalyzing carbon deposition below 

1000 F in H + CO were the low-alloy s tee l s , Inconel X, Inconel 702, and 

Type 316 s ta inless steel; nickel and Monel were somewhat l ess effective 

ca ta lys ts . Examples of these carbon deposi ts , together with weight-gain 

data, a r e i l lus t ra ted in F igs . 30 through 38. 

The steel mos t ineffective in catalyzing the carbon monoxide decom­

position was Type 430 s ta inless s teel , although above 1300 F some carbon 



1590°F 1250°F 770°F 160°F 

Fig. 27—Inconel X exposed to 1 aMm of flowing CO for 500 hr 

"iilBS"™ ^ ' ^ ' J i i f l 

^m 

•t^msstSisL^^ i 

Fig. 28--Surface oxide formed on Inconel X after 
500 hr in 1 a tm CO at 1590°F (500x) o 



Table 6 

SUMMARY OF RESULTS FOR NIOBIUM ALLOYS TESTED IN 1 ATM CO 

Material 

Niobium 

Niobium + 1% Zr 

Niobium + 5% Zr 

Niobium + 5% Ti 

Time 
(hr) 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

Temp. 
^ F ) 

1450 

1050 

530 

115 

1620 

1490 

1140 

630 

140 

1610 

1410 

970 

440 

110 

1610 

1570 

1350 

890 

330 

Penetr . 
(mils) 

0.2 

<0. 1 

<0. 1 

<0. 1 

0.2 

0. 1 

0. 1 

<0. 1 

<0. 1 

7 . 0 

1.5 

<0. 1 

<0. 1 

<0. 1 

4. 5 

7 . 0 

2 . 0 

2 . 0 

2 . 0 

Per cent Carbon 

Initial 

0.001 

0.001 

0.001 

0.001 

0.004 

0.004 

0.004 

0.004 

0. 004 

0.020 

0.020 

0.020 

0.020 

0.020 

0.015 

0.015 

0.015 

0.015 

0.015 

Final 

0.040 

0.023 

0.002 

0.001 

0.068 

0,072 

0.023 

0.006 

0.005 

0. 137 

0.070 

0.061 

0.023 

0.021 

0.098 

0. 152 

0.046 

0.019 

0.017 

* 
Corrosion Products 

(NbC) (Nb C) 
s 2 m 

<Nb,C)^ 

None 

None 

(NbC) ,(Nb C) 
s ^ s (NbC) (Nb C) 

(NbO^.CNb^C)^ 

None 

None 

(NbC)^.(Nb2C) 

( N b O ^ J N b ^ C ) ^ 

(NbC)^.(Nb^C)^ 

None 

None 

(NbC) (Nb C) 
s 2 m (NbC)^.(Nb2C)^ 

(NbC)^.(Nb^C)^ 

( N b O ^ J N b ^ C ) ^ 

( N b Q ^ . C N b ^ O ^ j T i C ) ^ 

Weight Change 
(mg/cm^) 

+ 0.300 

+ 0.060 

+0.033 

+ 0.013 

+ 0.80 

+ 0.43 

+ 0.08 

+0.04 

+ 0.007 

+ 0. 36 

+ 0.66 

+0.09 

0.000 

-0.010 

+ 0.75 

+ 0.73 

+ 0. 51 

+ 0.062 

+0.020 

Remarks 

Solid solution surface layer 

Solid solution surface layer 

Solid solution surface layer 

Solid solution surface layer 

Solid solution surface layer 

Solid solution surface layer 

Solid solution surface layer 

The subscript s is the small diffraction pattern; m, the medium diffraction pattern; and w, the weak diffraction pattern. 

^ 



Table 6--continued 

Material 

Niobium + 8% Ti 

Niobium + 10% Ti 

Time 
(hr) 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

Temp. 
(OF) 

1630 

1520 

1210 

730 

170 

1620 

1550 

1290 

810 

230 

Penetr . 
(mils) 

4 . 0 

3 .0 

<0. 1 

<0. 1 

<0. 1 

4 . 0 

4 . 0 

3 .0 

1.0 

2 . 0 

Per cent Carbon 

Initial 

0.030 

0. 030 

0.030 

0. 030 

0. 030 

0.022 

0.022 

Final 

0.36 

0.28 

0. 068 

0.035 

0.033 

0. 18 

0.23 

0. 022 1 0.04 

0.022 

0.022 

0.23 

0.24 

* 
Corrosion Products 

(NbC) ,(Nb C) ,(TiC) 
s Z ni tn 

(NbC) (Nb C) (TiC) 
s 2 s m (NbC)^. (Nb^C)^. (TiC)^ 

(NbC)^.(Nb2C)^.(TiC)^ 

None 

(NbC) (Nb C) (TiC) 

(NbC)^, ^^^2^^m' ^'^''"^w 

(NbC)^'.(Nb^C)".(TiC)3 
(NbC)^.(Nb2C)^.(TiC)^ 

None 

Weight Change 
(mg/cm^) 

+ 1.70 

+ 1.25 

+ 0.22 

+ 0.064 

+0.015 

+ 1.30 

+ 1.65 

+ 0.31 

+ 0,07 

+ 0.02 

Remarks 

Solid solution surface layer 

Solid solution surface layer 

Solid solution surface layer 

Solid solution surface layer 

Solid solution surface layer 

Solid solution surface layer 

Solid solution surface layer 

The subscript s is the small diffraction pattern; m, the medium diffraction pattern; and w, the weak diffraction pattern. 



1450°F 1050°F 530°F 120°F 

Fig. 29--Niobi\ma exposed to 1 atm of flowing CO for 500 hr 



Table 7 

SUMMARY OF RESULTS FOR IRON- AND NICKEL-BASE ALLOYS EXPOSED TO 0. 5 ATM CO + 0. 5 ATM H , 

Mater ia l 

316 SS 

430 SS 

C-1/2 Mo 

1-1/4 C r - 1 / 2 Mo 

*_. 

Time 
(hr) 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

100 

400 

400 

400 

Temp. 
(°F) 

100 

4 0 0 

810 

910 

1250 

1600 

1730 

1690 

100 

600 

810 

970 

1330 

1610 

1740 

1680 

120 

750 

830 

990 

160 

780 

850 

P e n e t r . 
(mils) 

<0.2 

<0. 2 

<0.2 

2 . 0 

>30 

0 . 5 

1.0 

1.0 

<0. 2 

<0. 2 

<0.2 

<0. 2 

<0. 2 

>30 

>30 

>30 

<0. 2 

<0.2 

<0.2 

<0.2 

<0. 2 

<0. 2 

P e r cent Carbon 

Initial 

0.045 

0.045 

0.045 

0.045 

0.045 

0.045 

0.045 

0.045 

0.08 

0.08 

0.08 

0.08 

0.08 

0.08 

0.08 

0.08 

0. 12 

0. 12 

0. 12 

0. 12 

0.09 

0.09 

0.09 

Final 

0.060 

0.057 

0.27 

1.21 

0.081 

0.067 

0.050 

0.062 

0.075 

0.075 

0.099 

0. 157 

0.28 

0. 139 

0. 122 

0. 129 

0. 143 

0. 124 

0.099 

0. 126 

Cor ros ion Produc t s 

None 

None 

None 

None 

Graphite 

ISpinel) 

(Spinel) 

(Spinel) 

None 

None 

None 

None 

(Spinel) 
m 

(Spinel)^, ( C r ^ O j ) ^ 

(Spinel) 

(Spinel) 

None 

None 

Graphite 

Graphite 

None 

None 

Graphite 

Weight Change 
(mg/cm^) 

-0 .010 

-0 .010 

-0 .015 

0.875 

-8 .915 

0.315 

0.255 

0.260 

0.000 

-0 .010 

-0 .015 

-0 .010 

0.085 

0.335 

1.050 

0.275 

0,118 

0.0472 

0.543 

-0 .0588 

-0 .0147 

4 .060 

R e m a r k s 

In te rgranular f i ssures 

Completely ca rbu r i s ed 

In te rgranula r oxidation 

In te rgranular oxidation 

In te rgranular oxidation 

Carbur ized 

Carbur ized; 3. 5-mil in terna l oxidation 

Carbur ized; I. 0-ml l in terna l oxidation 

Heavy graphi te deposi t 

The subscr ip t s i s the smal l diffraction pattern; m, the medium diffraction pat tern; and w, the weak diffraction p a t t e r s . 



Table 7--continued 

Mater ia l 

Inconel 702 

Inconel X 

Nickel 

* 

Time 
(hr) 

400 

4 0 0 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

4 0 0 

400 

400 

400 

400 

400 

400 

400 

400 

TemD. 
(°F) 

140 

760 

830 

1100 

1350 

1650 

1750 

1650 

150 

780 

840 

1130 

1390 

1680 

1750 

1600 

200 

790 

860 

1180 

1510 

1710 

1750 

Pene t r . 
(mils) 

<0. 2 

<0.2 

<0. 2 

<0. 2 

1.0 

1.5 

4 . 0 

2 . 5 

<0.2 

<0.2 

<0.2 

<0.2 

1.0 

2. 5 

2 . 5 

2 . 0 

<0. 2 

<0.2 

<0.2 

>30 

>30 

>30 

>30 

P e r cent Carbon 

Initial 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.035 

0.035 

0.035 

0.035 

0.035 

0.035 

0.055 

0.035 

0.011 

0. on 
0.011 

0.011 

0.011 

0.011 

o.ou 

Final 

0.040 

0.026 

0.055 

0.42 

0. 19 

0. 134 

0.091 

0.047 

0.045 

0.028 

0.055 

0.085 

0.071 

0.09 

0.096 

0.04 

0. 14 

0.25 

0.27 

0.74 

Corros ion P r o d u c t s " 

None 

None 

None 

Graphite 

(Spine l )^ , (Cr^Oj)^ , graphite 

( S p m e l ) ^ , [ ( C r , F e } , 0 3 ] ^ 

( S p m e l ) ^ . [ ( C r . F e ) 2 0 j ] ^ 

( S p m e l ) ^ . [ ( C r . F e ) 2 0 3 ] ^ 

None 

None 

None 

Graphite 

(Spmel) , [ ( C r , F e ) O ] 
S 6 5 g 

(Sp ine l )^ . [ (Cr ,Fe )^0^]^ , 

(Spmel) 

(Spmel )^ , [ (Cr ,Fe )20 5]g 

None 

None 

None 

Graphite 

Graphite 

Graphite 

(Graphite) 
m 

Weight Change 
(mg/cm^) 

-0 .010 

0.000 

-0 .020 

1.940 

2.000 

1.625 

-0 .995 

-0 .010 

-0 .010 

-21 .53 

0.620 

1.880 

2.025 

1. 345 

0.000 

-0 .050 

-0 .045 

8.570 

4.262 

R e m a r k s 

Internal oxidation 

Internal oxidation; 2, 0-mil decarbur iza t ion 

Internal oxidation; 8. 0-mil decarbur iza t ion 

Internal oxidation; 3. 5-mil decarbur i sa t ion 

In te rg ranu la r oxidation 

In te rg ranu la r oxidation 

In te rg ranu la r oxidation 

In te rgranula r oxidation 

^ 

Graphite precipi ta t ion m meta l , 2. 0-mi l 
graphite deposit 

Graphite precipi ta t ion m meta l ; 14. O-mil 
graphite deposit 

Graphite precipi ta t ion m meta l ; 3. 0-mi l 
graphite deposit 

Graphite precipi ta t ion m meta l ; 3. 5-rml 
graphite deposit 

The subscr ip t s is the smal l diffraction pat tern, m, the medium diffraction pat tern, and w, the weak diffraction pa t te rn . 
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Table 7--continued 

Mater ia l 

Monel 

Time 
(hr) 

400 

400 

400 

400 

400 

400 

400 

Temp. 
{°F) 

220 

800 

880 

1220 

1570 

1720 

1730 

i 

P e n e t r . 
(mils) 

<0. 2 

<0. 2 

<0.2 

1 to 3 

1 to 4 

1 to 5 

1 to 5 

P e r cent Carbon 

Initial 

0.096 

0.096 

0.096 

0.096 

0.096 

0.096 

0.096 

Final 

0.09 

0.08 

0. 14 

0.25 

0. 15 

0. 17 

* 
Corros ion Produc t s 

None 

None 

None 

Graphite 

Graphite 

Graphite 

(Graphite) 

Weight Change 
(mg/cm2) 

0.000 

0.005 

0.030 

31.735 

28. 100 

Remarks 

Graphite penetrat ion; 12. 0 -mi l graphite deposi t 

Graphite penetrat ion; 15. 0-mi l graphi te deposi t 

Graphite penetrat ion; 10. 0 -mi l graphi te deposit 

Graphite penetrat ion; 14. 0-mi l graphi te deposit 

The subscr ip t s is the smal l diffraction pat tern. 

a-
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o 

< 
X 
o 
h-
X 

2 0 

0 -

- 2 0 

O 5 0 0 HR latm CO 

A 500 HR lO'^atm P^Q +2PgQ 

D 5 0 0 HR lO'^attn P^Q + 2 P ( , O 

O 400HR 0.5atm C0 + 0 5atm H 

OlOOOHR 5XI0 " ' a tmC0 + 

5 0 0 1000 
TEMPERATURE CF) 

6 

5 0 0 

5X 10 atmC0 + 5X 10 atmH 

1000HR 

OSatmH + 0 5atmC0 

400HR 

Fig. 30--Nickel specimen tes ted in two par t ia l p r e s s u r e s of 
H2 + CO, together with weight change ve r sus t empe ra tu r e 

(numbers on specimens indicate tempera ture) 
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s o 

S 2.0 
< 
X 
o 

O 500 HR lotm CO 

A 500 HR IO'^atmPco+2Pco 

O 400 HR 0.5atmC0+0.5afmH 

OlOOOHR 5XI0''atmC0 

+ 5Xld"'atmH, 

X 

i i j 

•1.0 

-2.0 
500 1000 

TEMPERATURE CF) 

0 80fl SfiO ^ffl 

^ ^ ^̂ ^ l̂ y 
5X10 afm C0 + 5 X I 0 atmH 

2 
1000 HR 

O.SatmHg + O.SatmCG 

400 HR 

Fig. 31--Monel specimens tes ted in two par t i a l p r e s s u r e s of 
H2 + CO, together with weight change v e r s u s t empe ra tu r e 

(ntimbers on specimens indicate t empera tu re ) 
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< 
I o 
I -
X 
<£ 
UJ 

- I 0 

O 400HR 0.5atmC0 + 0.5atmH I 

O lOOOHR 5XI0"^atm CO + 

SXIO'^atrnHg 

OC-

1 

_L _L 
500 I 000 

TEMPERATURE ("F) 

140 

1500 

760 

A 
^ 1 3 5 0 ^ 

1650 

5X10 atmC0 + 5XI0 atm H 

1000 HR 

OSatmH^+OSatmCO 

400 HR 

Fig. 32--Inconel702 specimens t e s t ed in two par t ia l p r e s s u r e s 
of H2 + CO, together with weight change ve r sus t empera tu re 

(niimbers on specimens indicate t empera tu re ) 
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z o 
(9 

s 
UJ 

z 
< 
z 
o 

z 
UJ 

2 0 

1.0 

0 

- 1 . 0 

O 
A 

a 
O 
o 

-

-

- ( 

- C 

500 HR 

500 HR 

500 HR 

4 0 0 HR 

1 000 HR 

- w V U ^ 

} 

CO 

lO'^atm Pco + Pco, 
-4 ^ 

10 " " " P c o + P c o ^ 
0 5 atm CO + 0 5 otm H^ 

5 X I 0 " ' a t m C 0 + SX iO ' ^a tmH^ 

^ ^ / ^ f 

_ ^ w - , . . ^ _ ^ ^ 

1 

J ^ 
1 

500 1000 
TEMPERATURE (°F) 

1500 

5X10 atmC0+5XI0 atrtiHj 

1000 HR 

OeatmHg+OSatmCO 

400 HR 

Fig. 33--Inconel X specimens tes ted in two par t ia l p r e s s u r e s 
of H2 + CO, together with weight change v e r s u s t empera tu re 

(numbers on specimens indicate t empera tu re ) 



o 

UJ 

z 
< 
X 
o 
X 

I 0 -

O 
A 

5 0 0 HR latm CO 

5 0 0 HR 10 atmPco + 2 P^Q^ 

D 500HR IO''*atmP-- + 2 P . "CO ' C O , 

4 0 0 HR 0 5 atmCO + 0 5atm H 

lOOOHR 5X10 atmCO + 5 X I O o t m H 

- D 
* ^ 

_L 
500 1000 

TEMPERATURE CF) 
1500 

o j y ^^p ^ ^ I f t ^ '"" ^ ^ ŝlr WsiP 

^ ^ '^^ ̂ ^ lyl ^w ^0 ii^i 
5X10 a t m C 0 + 5 X I 0 ' atmH 

lOOOHR 

O.SotmHg+OSatmCO 

4 0 0 HR 

Fig. 34--Type 430 s ta inless s teel specimens tes ted in two par t i a l 
p r e s s u r e s of HT + CO, together with weight change ve r sus 

t empera tu re (numbers on specimens indicate t empera ture ) 
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500 1000 
TEMPERATURE CF) 

100 

5 X lO"' atm C0 + 5X I0" 'atm H, 

lOOOHR 

O.SafmHg +0.5atm CO 

400 HR 

Fig. 35--Type 316 s ta in less steel specimens tes ted in two par t ia l 
p r e s s u r e s of H2 + CO, together with weight change ve r sus 

t empera ture (nxombers on specimens indicate t empera tu re ) 



o 
<s> 
s 
UJ 
o 
z < 
X 
o 
X 
to 

P 

I 170 

O 500HR latmCO 

O 400HR 0.5QtmCO + 0.5atmH2 

O lOOOHR 5X ld 'a tmC0 + 
5XI0"'atmH2 

O O 

- 1 .0 

250 , 600 

5 0 0 1000 
TEMPERATURE CF) 

160 

1500 

890 J 110201 W 

z 
-3 -3 

5X10 atmC0 + 5 X I 0 a t m H , 
lOOOHR 

O.SatmH +0.5atmC0 

4 0 0 HR 

Fig. 36—Steel (1-1/4 Cr—l/2Mo) specimens t e s t e d i n t w o par t ia l 
p r e s s u r e s of H^ + CO, together with weight change ve r sus 

t empera tu re (numbers on specimens indicate t empera tu re ) 
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J 

o 

s 
UJ 
CO 

G
H

T 
C

H
A

N
 

b 

UJ 

^ 0 

1 / N 

O 500 HR lotmCO 

O 4 0 0 HR 0.5atmC0 + 0.5atmH 

O lOOOHR 5 X l d ' ' a t m C 0 + S X I O ' ^ o t r n H g 

9 

• J o ,. -^ 

1 1 

'•"O 5 0 0 1000 
TEMPERATURE PF) 

1 

1500 

O.SatmH +0.5atmC0 

400 HR 

Fig. 37--Steel (C—1/2 Mo) specimens tes ted in two par t i a l 
p r e s s u r e s of H2 + CO, together with weight change v e r s u s 
t empera tu re (numbers on specimens indicate t empera tu re ) 



500° 1000° 1500"^ 1200 

(a) 

A tf 

^11 ft : ^ l f 

^m!^~^r.^->!i-^ei^B^mfW'mfwmim'i: is-i*ffia;'̂ ao 

500' 1000*^ 1500° 1200° 

(b) 

Fig . 3 8 - - S a m p l e s of i ron and n ickel a l loys (a) t e s t e d in a t e m p e r a t u r e g rad ien t for 500 h r 
in 1 a tm CO, (b) t e s t e d in a t e m p e r a t u r e g rad ien t for 400 h r in 0. 5 a t m CO + 0 . 5 a t m H_ 
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deposition occur red . At 1300 F carbon whiskers grew from the numbers 

stamped on the spec imens , but at 1740 F carburizat ion penetrated 

3. 5 mi l s in 400 hr . 

At 1250 Fs Type 316 s ta in less steel catalyzed decomposition produc­

ing a carbon growth from the meta l surface that contained about 5 wt-% 

iron; the me ta l specimen was completely carburized. The catalyzation of 

carbon monoxide decomposit ion of Type 316 s ta inless steel extended from 

approximately 900° to 1500°F, but from 1600° to 17 30°F surface oxides 

(spinels) near ly 1 mi l thick were formed. 

The carbon—1/2 Mo steel and 1-1/4 Cr-- l /2 Mo both produced rapid 

growth of carbon on their surfaces above 800 F inthe 0.5 atna CO + 0.5 a tmH 

(see F igs . 37 and 38). Near 1000 F , the carbon—1/2 Mo steel catalyzed 

such rapid growth that it was removed from the tes t after 100 hr . 

Carbon was deposited on the surface of Inconel X and Inconel 7 02 at 

1100 F , but at 1350 F and higher these two alloys were in tergranular ly 

oxidized (see Fig. 39a and b). Corros ion products formed at high 

t e m p e r a t u r e consis ted of spinel and (Cr, F e ) ^ 0 . 

At 1200 F and above, carbon was deposited on both nickel and Monel. 

These deposits were soft and sooty and were accompanied by graphitization 

within the meta l . 

The graphite specimens tes ted in this hydrogen—carbon monoxide 

a tmosphere did not gain weight below 1350 F. Above 1350 F there was a 

2 
measurab le weight gain, with the maximum (2 m g / g , or 1 m g / c m geo­
m e t r i c area) occurr ing at 1600 F in 400 hr (see Fig. 40). This carbon 
deposit was very thin and was detectable only by the weight gain. 

Exposure in 5 x 10 '^ atm CO + 5 X 10"-^ atm H2 

-3 3 

The exposures in 5 x 10 atm CO + 5 x 1 0 atm H„ were conducted 

in a t empera tu re gradient of 1700 to 150 F. There was no carbon depos­

ited as free carbon in any of the exper iments conducted at this impurity 

level. Table 8 summar i ze s the r e su l t s of these exposures . 



(a) 

(b) 

Fig . 39--Surface oxides fo rmedon two types of Inconel 
after 400 hr at 1750°F in 0.5 a tm CO + 0. 5 a tm H2J 

(a ) Inconel Xj (b) Inconel 702 (500X) 
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A. 
1500 

Fig . 40--Weight change ve r sus tempera ture for AGOT 
graphite in var ious a tmospheres 
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Table 8 

SUMMARY OF RESULTS OF NICKEL- AND IRON-BASE ALLOYS EXPOSED TO 5xlO" ATM CO + 5x10"^ ATM H^ 

Material 

316 SS 

C-1/2 Mo 

430 SS 

1-1/4 Cr-1/2 Mo 

Time 
(hr) 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

Temp. 
(°F) 

140 

390 

730 

1150 

1440 

1620 

1700 

150 

200 

480 

800 

950 

160 

440 

770 

1200 

1480 

1640 

1700 

170 

250 

600 

890 

1020 

Penetr. 
(mils) 

<0. 1 

<0. 1 

<0. 1 

0. 1 

10.0 

4 . 0 

0 . 3 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

>30 

>30 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

Per cent' Carbon 

Initial 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0. 14 

0. 14 

0. 14 

0. 14 

0. 14 

0.080 

0.080 

0.080 

0.080 

0.080 

0. 080 

0.080 

0. 10 

0. 10 

0. 10 

0. 10 

0. 10 

Final 

0.056 

0.057 

0.096 

1.09 

0. 144 

0.068 

0. 14 

0. 15 

0. 14 

0. 15 

0. 14 

0.082 

0.060 

0.055 

0.070 

0.088 

0.73 

0.67 

0. 108 

0. 08 

0. 10 

0. 136 

0.20 

Corrosion Products 

None 

None 

None 

None 

(Spinel)^ 

(Spinel) 

(Spinel) 

None 

None 

None 

None 

None 

None 

None 

None 

None 

(Spinel)^. (Cr^Oj)^ 

(Spinel)^, (Cr^Oj)^ 

(Spinel)^. (Cr^Oj )^ 

None 

None 

None 

None 

None 

Weight 
Change 

(mg/cm^) 

-0 .03 

-0 . 01 

-0 . 005 

0. 13 

3.35 

0.92 

0.26 

-0 . 0236 

-0 . 0472 

-0 . 118 

-0.212 

-0 . 118 

-0.015 

-0 .01 

-0 . 005 

0.000 

0. 305 

4.56 

3.445 

-0 . 0147 

0.000 

-0 . 044 

0.044 

0. 0588 

Remarks 

Carburized 

Internal oxidation 

Completely carburized 

Completely- carburised; 6. 0-mil 
oxidation pits 

T 
The subscript s is the small diffraction pattern; m, the medium diffraction pattern; and w, the weak diffraction pattern. 



T a b l e 8 - - c o n t i n u e d 

Time 
(hr) 

1000 

1000 

1000 

1000 

1000 

Temp. 
(°F) 

1000 i 

1000 

1000 • 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 I 

1000 

1000 

1000 

1000 

1000 ' 

1000 I 

1000 I 

180 

520 

830 

1250 

1520 

1640 

1700 

220 

560 

860 

Penetr. 
(mils) 

<0. 1 

<0. 1 

<0. 1 

5.0 

>30 

0.5 

1. 0 

<0. 1 

<0. 1 

<0. 1 

1300 I 4.1 

1550 

1670 

lt)90 

100 

130 

170 

210 

2b0 

350 

450 

550 

650 

740 

820 

900 

1. 5 

2. 0 

2. 5 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

P e r cen t C a r b o n 

In i t ia l F i n a l 

0. 030 

0 .030 

0. 030 

0 . 0 3 0 i 1 

0. 030 1 0, 

031 

027 

031 

30 

60 

0. 030 

0. 030 

0. 035 

0. 035 

0. 035 

0. 035 

0. 035 

0. 035 

0. 035 

C o r r o s i o n P r o d u c t s 

None 

None 

None 

[ ( C r . F e j ^ O j ] ^ 

041 I None 
I 

034 , None 

036 I None 

033 I None 

042 I None 

1 8 o | [ ( C r , F e ) O ] 
I & 5 m 

050 j [ { C r . F e j ^ O ^ ] . ( sp ine l )^ 

070 

040 

[ { C r , F e ) ^ 0 ^ 1 ^ , ( s p m e l ) ^ 

[ { C r . F e ) ^ © ^ ] ^ , ( sp ine l )^ 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

Weight "T 
Chang e 

(mg/ cm^) I R e m a r k s 

- 0 . 

- 0 . 

- 0 . 

8. 

5. 

035 

035 

005 

265 

775 

0. 12 

0. 16 

-0 . 025 

- 0 . 02 

- 0 . 02 

0.99 

0. 69 

1.68 

1.69 

0 .005 

- 0 . 010 

0. 000 

- 0 . 005 

- 0 . 005 

0. 000 

- 0 . 0 1 0 

- 0 . 0 1 0 

- 0 . 0 1 5 

- 0 . 0 1 5 

- 0 . 0 1 0 

- 0 . 010 

I n t e r n a l ox ida t ion 

C o m p l e t e l y c a r b u r i z e d ; 4 . 0 - m i l 
i n t e r n a l OTidation 

C a r b u r i z e d ; i . 0 - m i l s u r f a c e 
oxide 

I n t e r n a l ox ida t ion 

I n t e r n a l ox ida t ion 

I n t e r n a l ox ida t ion 

The s u b s c r i p t s i s the s m a l l d i f f ract ion p a t t e r n ; m , the m e d i u m di f f rac t ion p a t t e r n ; and w, the weak d i f f rac t ion p a t t e r n . 
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Table 8—continued 

Material 

Molybdenum- -
continued 

Nt-20 Ti 

Copper 

Time 
(hr) 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

500 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

500 

500 

500 

500 

500 

500 

500 

500 

Temp. 

en 
1000 

1120 

1240 

1350 

1430 

1500 

1560 

1610 

1650 

1700 

1700 

1650 

420 

630 

890 

1200 

1380 

1530 

1630 

1670 

1600 

1700 

1670 

1590 

1460 

1300 

1070 

760 

Penetr. 
(mils) 

<0. 1 

<0. 1 

<0. 1 

0. 1 

0.25 

0.40 

0.40 

0. 60 

0. 65 

0.65 

0.50 

0.70 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

0 . 5 

0 . 5 

<0. 1 

<0. 1 

. . . 

---
. . . 
---
. . . 
. . . 
. . . 

Per cent Carbon 

Initial 

1 

0.03 

0.03 

0.03 

0.03 

0.03 

0. 03 

0.03 

0. 03 

Final 

0.027 

0.038 

0. 024 

0. 026 

0.067 

0. 158 

0.27 

0. 24 

Corrosion Products 

None 

None 

(Mo^C)^ 

(Mo^C)^ 

(Mo^C)^ 

(Mo^C)^ 

(Mo^C)^ 

(Mo^C)^ 

(Mo^C)^ 

(Mo^C) 

(Mo^C)^ 

(Mo^C)^ 

None 

None 

None 

(Nb^c)^ 

(TiC)^.(Nb2C)^.(NbO,)^ 

(Nb,0, )? (TiC) , (Nb,C) , (NbC) l b m 2 w 3 

(Nb O )? (NbC) , (NbC) , (TiC) 
ID Z m ni m 

None 

None 

None 

None 

None 

None 

None 

None 

None 

Weight 
Change 

(mg/cm^) 

-0 . 010 

-0 . 005 

0.015 

0.040 

0. 115 

0.22 

0.29 

0.365 

0.41 

0.44 

0.32 

0.45 

-0 .01 

0.015 

0. 11 

0.42 

0.88 

2. 185 

3.99 

5. 17 

-0. 11 

-0 . 135 

-0 . 17 

-0. 12 

-0. 115 

-0. 12 

-0. 03 

-0 . 055 

Remarks 

Brittle 

Brittle 

Brittle 

Brittle 

BritUe 

Brittle 

Brittle 

Brittle 

Brittle 

Brittle 

480 ppsn final osqrgen content 

115 ppm final oxygen content 

650 ppDi final oxygen content 

600 ppm final oxygen content 

3, 050 ppm final oxygen content; 
1. 0-i:nil cracks in brittle surface 

3, 210 ppm final oxygen content; 
2. 0-rnil cracks in brittle surface 

5, 590 ppi^ final oxygen content 

S, 640 ppm final oxygen content 

Blistered 

Blistered 

Blistered 

Blistered 

Blistered 

* The subscript s is the small diffraction pattern; m, the medium diffraction pattern; and w, the weak diffraction pattern. 



Table 8--continued 

Material 

^^ickel 

Monel 

Nb-1 Zr 

Time 
(hr) 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

500 

500 

500 

500 

500 

500 

500 

500 

Temp. 
(Vf 
290 

630 

920 

1300 

1580 

1600 

1680 

1680 

340 

690 

980 

1400 

1600 

1680 

1650 

1300 

760 

1070 

1460 

1590 

1670 

1700 

1600 

Penetr. 
(mils) 

<0. 1 

<0. 1 

1.0 

2. 0 

1.0 

1.0 

<0. 1 

1. 0 

<0. 1 

<0. 1 

<0. i 

3 .0 

11. 0 

15.0 

3. 0 

0. 2 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 2 

0. 3 

0 . 5 

Per cent 

Initial 

0. 030 

0. 030 

0. 030 

0. 030 

0.030 

0. 030 

0. 030 

0. 030 

0. 096 

0.096 

0.096 

0. 096 

0.096 

0. 096 

0.096 

0. 004 

0. 004 

0.004 

0. 004 

0. 004 

0.004 

0.004 

0. 004 

Carbon 

Final 

0.035 

0. 033 

0. 044 

0. 012 

0. 04 

0. 013 

0.025 

0. 069 

0. 07 0 

0. 031 

0. 018 

0.022 

0.026 

0.006 

0. 017 

0.013 

0. 012 

0. 066 

0.093 

0.097 

0, 087 

Corrosion Products 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

^^\'=K 
^N^zCJ^ 

(Nb^C)^ 

(Nb,C) ,(NbC) z s m 
(Nb^C) . (NbC)^ 

(Nb^Cj , (NbC) 

(Nb,C) , (NbC) ,(NbO) ( i s s ^̂  
(Nb^C) ,(NbC)^,(NbO) 

Weight 
Change 

(mg/ cm ) 

-0. 04 

0. 01 

-0.01 

0. 04 

-0.02 

0.015 

0.52 

-0. 01 

-0.015 

0.015 

-0. 035 

0.025 

-0. 11 

-0. 14 

0. 135 

0. 115 

0.02 

0.07 

0. 13 

0.375 

0.645 

0.83 

2.39 

Remarks 

Grain-boundary attack 

Grain-boundary attack 

Grain-boundary attack 

Grain-boundary attack 

Graphite precipitation in 

Grain-boundary attack 

Grain-boundary attack 

Grain-boundary attack 

Grain-boundary attack 

Grain-boundary attack 

metal 

The subscript s is the small diffraction pattern; m, the mediunn diffraction pattern; and w, the weak diffraction pattern. 



T a b l e 8 - - c o n t i n u e d 

M a t e r i a l 

!^iobiiim 

Nb-8 T i 

T i m e 
(hr) 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

T e m p . 

(°F) 
490 

7 00 

980 

1250 

1420 

1560 

1650 

1700 

1640 

350 

560 

820 

1150 

1340 

1500 

1610 

1690 

1690 

250 

P e n e t r . 
(mi l s ) 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

0 . 2 

0 .7 

1.5 

0 . 5 

13 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

<0. 1 

P e r cen t C a r b o n 

In i t ia l 

<0. 01 

<0. 01 

<0. 01 

<0. 01 

<0. 01 

<0. 01 

<0. 01 

<0. 01 

<0. 01 

0 . 0 3 

0 . 0 3 

0. 03 

0 . 0 3 

0 . 0 3 

0. 03 

0. 03 

0 . 0 3 

0. 03 

0 . 0 3 

F i n a l 

<0. 01 

<0. 01 

0 .017 

0 .009 

0. 021 

0 .025 

0. 033 

0 .062 

0 . 7 2 

0 .049 

0 .039 

0. 050 

0 . 0 6 1 

0. 080 

0. 15 

0 .29 

0. 36 

0 .32 

0. 049 

C o r r o s i o n P r o d u c t s 

None 

None 

None 

«Nl>2C)w 

( N b ^ C ) ^ . (NbC)^ 

(Nb2C)^ , (NbC)^ 

(Nb,C) . (NbC) 
2 s s 

(Nb^C) , (NbC) 

( N b O ) ^ , (NbO^) , (NbC) , (Nb^C) 

None 

None 

None 

( N b , C ) ^ 

( N b C ) ^ , ( N b 2 C ) ^ 

(NbC) . (Nb,C) m 2 w 
(NbO) , ( N b O , ) , (NbC) , ( N b , C ) 

w £ w m i& m 
(NbO) , ( N b O , ) , (NbC) , (Nb ,C) 

w 2 w m 2 rn 
(NbO) , ( N b O J . (NbC) . (Nb,C) 

w 2 s s 2 s 
None 

Weight 
Change 

( m g / c m ^ ) 

- 0 . 0 0 7 

0 . 0 3 3 

0 . 0 7 3 

0. 133 

0. 153 

0 . 4 0 0 

0 .507 

0 . 8 9 0 

6 . 7 8 

- 0 . 025 

- 0 . 005 

0. 085 

0. 16 

0 , 3 8 5 

0 . 7 1 5 

2 . 3 3 

3 . 19 

3 . 8 3 

- 0 . 005 

R e m a r k s 

610 p p m final oxygen conten t 

580 p p m final oxygen conten t 

470 p p m final oxygen con ten t 

685 p p m final oxygen conten t 

652 p p m final oxygen conten t 

113 p p m final oxygen content 

1, 339 ppm final oxygen conten t 

800 ppni final oxygen content 

9. 640 p p m final oxygen content 

540 p p m final oxygen content 

485 p p m final oxygen content 

1. 720 ppm final oxygen conten t 

732 p p m final oxygen content 

1, 960 p p m final oxygen conten t 

4, 940 p p m final oxygen conten t 

11 , 940 p p m final oxygen content 

9 . 640 p p m f inal oxygen conten t 

6, 740 p p m final oxygen conten t 

188 p p m final oxygen conten t 

T h e s u b s c r i p t s i s the s m a l l d i f f rac t ion p a t t e r n ; m , the m e d i u m d i f f r ac t ion p a t t e r n ; and w, the w e a k d i f f rac t ion p a t t e r n . 
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The low-alloy s tee ls exhibited low to modera te weight changes below 
o 

1000 F - - n o cor ros ion products were detected by X-ray diffraction m e a s ­
u remen t s . The resu l t s indicate that these ina ter ia l s will per form s a t i s ­
factorily at t empe ra tu r e s below 900 F at this impuri ty level. 

At t empera tu re s below 1480 F , Type 430 s ta inless steel did not 
o 

carbur ize in this environment; however, above 1480 F it was completely 

carbur ized and was badly oxidized in 1000 hr. Large pi ts , 6. 0 mi l s deep, 

filled with oxide were formed at 1700 F in 1000 hr . Type 316 s ta inless 

steel ca rbur ized at 1150 F and above. The carburizat ion was par t icular ly 

severe on the specimen exposed at 1440 F (see Fig. 41). 

Inconel 7 02 formed a substant ial surface layer of (Cr, Fe) O at 

1250 F and exhibited a la rge weight gain (8. 3 m g / c m ) in 1000 hr . The 

specimens exposed at 1250 and 1520 F were badly carbur ized and in ter­

nally oxidized (see Fig. 42). 

Inconel X was m o r e res i s t an t to attack by this environment than 

Inconel 7 02; i. e. , the weight gains were smal ler and the internal oxidation 

that occur red penetrated to a maximum depth of 2. 5 mi l s . This alloy did, 

however, ca rbur ize in 1000 hr at 1300 F. 

Molybdenum res i s t ed attack at t empera tu res up to 1200 F; below 

this t empera tu re there was no carbon deposition, no attack was observed 

metal lographical ly , and there was no significant weight change. At 1240 F, 

Mo C (0. 1 mi l thick) was identified on the surface. This specimen was 

very br i t t le in a simple bend test , as were those tested at higher t empera ­

tu re s . The depth of penetrat ion and accompanying weight gain increased 

with increas ing t empera tu re (see Fig. 43). 

The niobium and niobium alloys showed weight gains in this a tmos­

phere s imi la r to those exhibited in 1 atm CO (Figs. 44 through 46). 

Chemical analysis revealed that some oxygen pickup occurred at the higher 

t empe ra tu r e s . 

Nickel and Monel showed very small weight changes in this environ­

ment. Both m a t e r i a l s , however, were attacked at the grain boundaries, 
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Fig . 41- -Carbur iza t ion on Type 316 s ta in less s teel 
after 1000 hr at 1440°F in 5 x lO"^ a tm CO + 

>-3 5 X lO""* a tm H2 {500x) 

F ig . 42--Inconel 702 exposed for 1000 hr at 1520 F i n 
5 X 10"^ a tm CO+ 5 X l O ' ^ a tm H^-- in te rna l oxidation 

6.0 mi l s deep (500x) 
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the attack being m o r e severe on Monel at 1400 F and above (see Fig. 47). 

This grain-boundary attack was not observed in reducing a tmospheres 

when Monel was embedded in graphite and it is probably observed h e r e as 

a resu l t of the a l te rna te reducing and oxidizing conditions. Considerable 

water was detected at the outlet of the sys tem during the course of the 

experiments conducted at this impuri ty level. 

Fig. 47- - In te rg ranu la r at tack observed on Monel 
exposed for 1000 hr at 1600°F in 5 x 10"^ atm 

CO + 5 X 10"^ atm H^ 

The behavior of copper in this environment was par t icu la r ly i n t e r e s t ­

ing. Specimens exposed at 760 F developed voids at the grain boundaries 

in 500 hr (see Fig. 48a); at 1070 F , these voids completely outlined the 

grain boundaries (see Fig. 48b); above 1500 F , they agglomerated to form 

large central cavi t ies , causing severe bl is ter ing. This behavior is believed 

to be the resu l t of the internal react ion of hydrogen and oxygen to form 

water vapor. 
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Fig. 48- -Pho tomic rographs of copper exposed in 
5 X 10-3 a^tni H2 + 5 X 10-3 atm CO for 500 hr : 
(a) at 7 60°F a few voids a re evident; (b) at 107 0 F 
many voids have formed at grain boundaries (150x) 
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DISCUSSION AND CONCLUSIONS 

F r o m the observat ion of the previously descr ibed t e s t s , it does not 

appear that niobium or any of the niobium-base alloys can be used in the 

unclad, g raphi te -mo dera ted vers ion of the MGCR. Although niobium does 

not catalyze the carbon monoxide disproportionation, its tolerance for 
-4 

oxygen is too low to be prac t ica l . The specimens tested in 2 x 10 atm 

(P _ + 2P ) were embri t t led in 100 hr . This was par t icular ly t rue in 
CO CO7 

^ o 

the exper iments conducted at 1500 F , where the graphite—CO-CO2 equilib­

r ium was not attained and a CO - r i ch gas reached the metal specimens. 

Since this level was significantly l ess than the par t ia l p r e s s u r e equivalent 

to 1 ppm of CO in the MGCR, it seems unreal is t ic to assume that impurity 

levels lower than this could be maintained continuously in the reac tor . The 

data on weight gain ve r sus t ime for a tmospheres that produce only ca rbur i ­

zation indicate that the carbur iza t ion ra t e dec reases with t ime; i. e. , the 

carbide layer is protect ive for at leas t the period of t ime of the test. 
. 3 

Molybdenum did not catalyze carbon deposition in 5 x 10 atm 
-3 

CO + 5 x 1 0 atm H , and showed no measurab le weight change below 

1200 F. At 1200 F , molybdenum showed a very small weight gain due to 

the formation of a surface carbide. The formation of this carbide layer 

was accompanied by severe embri t t lement . If this embri t t lement can be 

eliminated, a molybdenum alloy would be an excellent high-strength 

ma te r i a l for use in the MGCR turbine. 

Nickel and Monel were tes ted as possible candidates for cladding in 
(9) 

the semihomogeneous fuel element. Although these ma te r i a l s catalyze 
carbon monoxide disproport ionat ion at high concentrations of carbon mon-

-2 
oxide, they do not catalyze f ree-carbon deposition at levels of 10 atm CO 

or l e s s . Under conditions anticipated for the MGCR, i. e. , where Monel-

clad fuel e lements would be embedded in graphite, the tes t s indicated that 

there would be no carbon deposition or corros ion of the surface of either 

ma te r i a l . In the case of nickel, however, the t empera ture dependence of 
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carbon solubility causes graphit izat ion during the rma l cycling; i. e. , at 

high t empera tu re nickel becomes saturated with carbon, which precipi ta tes 

when nickel is cooled. This "graphi t izat ion" can occur over a very nar row 

t empera tu re range and will ul t imately cause deter iorat ion during the rmal 

cycling. Monel has a lower solubility for carbon than nickel and does not 

graphit ize significantly during thermal cycling, it aid, however, suffer 

from extensive gra in-boundary attack in the presence of mix tures of 

CO, CO_, H J H O , and O . This type of attack was not observed when 

Monel was embedded in graphite (as it would be in the semihomogeneous 
(9) 

fuel element) and exposed to impure h igh -p re s su re helium. The p r e s ­

ence of this gra in-boundary attack in these tes t s may be at tr ibuted to 

a l ternate oxidizing and reducing conditions in gas mix tu res . 

Various h igh-s t rength n ickel -base alloys were tested as potential 

turbine and s t ruc tu ra l m a t e r i a l s . Inconel 7 0Z was severely oxidized in ter ­

nally as well as ca rbur ized at t empe ra tu r e s above 1000 F. The weight 

gains in various a tmospheres a re plotted in Fig. 32. Inconel X was the 

mos t promising h igh- t empera tu re , h igh-s t rength nickel-base alloy tested. 

It r e s i s t ed severe carbur izat ion and oxidation bet ter than the other high-

strength n icke l -base alloys tested and was ineffective in catalyzing the 

carbon monoxide disproport ionation at impurity levels expected in the 

MGCR system. Fu r the r long- t e rm physical tes ts will be necessa ry to 

determine the long- t e rm effects of carbur izat ion and corrosion on strength. 

The weight gains for Type 316 s ta in less steel in various a tmospheres 

a r e plotted in Fig. 35. These tes ts indicate that this s tainless steel would 

be sat isfactory for use in the MGCR only below 1100 F. 

Type 430 s ta in less steel was tes ted because it is a typical fer r i t ic 

s ta in less steel . The weight gains in various a tmospheres a re plotted in 

Fig. 34. These tes ts indicate that Type 430 s ta in less steel could be used 

at t empera tu res of 1300 F or l e s s with no significant carburizat ion if the 
-2 

CO-H par t ia l p r e s s u r e were maintained below approximately 10 atm 
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in the r eac to r system. This steel was the most ca rbur iza t ion- res i s t an t 

s teel tes ted and was superior to all o thers in its failure to catalyze carbon 

monoxide disproportionation. 

The low-alloy s teels tes ted ca rbur ize badly in a tmospheres containing 

a high par t i a l p r e s s u r e of carbon monoxide at t empera tu res above approxi­

mate ly 1000 F . For the MGCR system, these steels could be used as 
o 

piping m a t e r i a l s up to about 900 F. 

The weight-gain data from tes t s conducted with graphite in hydrogen, 

methane , and 0. 5 atm H_ + 0. 5 a tm CO a re plotted in Fig. 41 . The resu l t s 
o 

indicate that very little methane is formed below 1300 F by the react ion of 

carbon with hydrogen. The methane will decompose on mos t ma te r i a l s and 

cer tainly on carbon if the methane is in a region of thermodynamic insta­

bility. The H + CO react ions do not deposit measurab le carbon on 
o o 

graphite below 1350 F. Since 1300 F is the tentative exhaust gas t empera ­

ture for the MGCR, it s eems very unlikely that the t r anspor t of carbon 

a c r o s s the reac tor due to the rmal react ions would be a ser ious problem if 
-2 

hydrogen levels were maintained reasonably low (^10 atm). 
(10) 

Calculations by Thompson, based on Ragone's analysis , set the 

CO + 2CO_ level at a maximum of 10 ppm for tolerable carbon t ranspor t . 

This calculation was made assuming that the ra te- l imi t ing p rocess is the 

diffusion of carbon raonoxide from the gas s t r eam to a metal l ic surface 

where the carbon monoxide to carbon dioxide disproportionation would be 

catalyzed. This calculated l imit is in good agreement with experimental 

observat ions; however, for the shor t per iods of the t e s t s (up to 1000 hr ) , 
-2 

carbon was deposited from the gas mix tures containing <10 atm impurity 

by react ing with the meta l to form carbides . The experimental r esu l t s 

point out some meta l s which do not act as active catalysts at any t empera ­

tu re , such as molybdenum and niobium alloys. Other meta l s a re ineffec­

tive cata lysts in specific t empera tu re ranges . P roper selection of ma te r i a l 

could reduce the carbon m a s s t r anspo r t to below the amount calculated 

from Ragone's analysis . Other me ta l s such as low-alloy s teels a re 
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destruct ively carbur ized, so that the pe rmiss ib le impuri ty level for these 

me ta i s mus t be based on the to lerable carbur izat ion of the ma te r i a l and 

not on the g ro s s carbon m a s s t r anspor t . 
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