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DEVELOPMENT OF CORROSION-RESISTANT ALLOYS FOR 
USE AS CONTAINER MATERIALS FOR DECLADDING 

SOLUTIONS OR AS WELDING ALLOYS 

Charles L. Peterson, David C. Drennen, Merrit t E. Langston, 
A. M. HaU, and Walter K. Boyd 

Twenly-four experimental alloys were developed and evaluated as 
container materials or welding alloys for use with Sulfex and Niflex decladding 
solutions. 

Niflex solutions, which were more corrosive than Sulfex solutions to 
most of the experimental alloys, produced severe localized attack at weldments 
made on vacuum-melted Hastelloy ¥ with the experimental alloys. However, 
several of ihe alloys, when self-welded, were not selectively attacked. Some 
of these showed a substantial improvement in resistance to the decladding 
solutions. 

The most promising alloys were based on either 45 w/o nickel-22 w/o 
chromium or 50 w/o nickel-25 w/o chromium, with at least 6 w/o molybdenum, 
and 1 w/o titanium, 0.6 w/o manganese, 0.4 w/o silicon, 0.02 w/o carbon, and 
balance iron. The alloy most resistant to both solutions contained 6 w/o 
molybdenum and 1 w/o copper in the 50 w/o nickel-25 w/o chromium base, its 
corrosion rate of 22 mils per month in Niflex, with no selective attach, was 
significantly lower than the 105 mils per month recorded for Hastelloy F. Even 
lower rates would be expected under the less stringent conditions of actual 
process operation. Indications are that more resistance might be obtained by 
increasing the chromium and nickel contents. 

INTRODUCTION 

Technology for the reprocessing of certain spent power-reactor fuels is being de­
veloped currently at the Hanford Atomic Products Operation. The Sulfex process is con­
templated for decladding stainless steel-clad fuels. The Niflex process, also being con­
sidered, incorporates the total dissolution of elements clad in either stainless steel or 
zirconium alloys. Both processes require the use of very corrosive solutions: in the 
first case, suKuric acid, in the second, mixtures of nitric and hydrofluoric acids. 
Therefore, the selection of a inaterial of construction which might be used in a single 
dissolver vessel for either process has become of prime importance. 

Extensive corrosion research, carried out at HAPO(l), indicated that vacuum-
melted Hastelloy F was the most satisfactory single commercially available material of 
construction for use in a processing complex involving the Sulfex, Niflex, and Zirflex 
systems. The Zirflex process , also under consideration at HAPO, employs aqueous 
ammonium fluoride to dejacket zirconium-clad fuel elements. 

(1) References at end. 
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Unfortunately, the weldments of as-welded vacuum-melted Hastelloy F were 
severely attacked preferentially by the Niflex solution under consideration (boiling 1. 0 M 
HNO3, 2. 0 M HF| . In addition, accelerated attack ^ s o occurred in tiie heat-affected 
zones of weldments. A full solution anneal after welding apparently minimizes or 
eliminates this attack, but solution annealing of vessels of the geometry currently en­
visioned does not appear to be practical. Attempts have been made to solve this prob­
lem by finding a suitable weld metal for vacuum-melted Hastelloy F which will resis t 
the preferential attack of Niflex solutions without the requirement of a postwelding heat 
treatment. 

Several candidate welding alloys were screened at HAPO. These included Haynes 
25, Ni-o-nel, and modifications of the vacu\im-melted Hastelloy F composition. (Ij 2) 
The resulting weldments exhibited varying degrees of resistance to Niflex solutions, but 
none appeared to be completely satisfactory. 

In an effort to find a suitable welding material for use with vacuum-melted 
Hastelloy F in Siilfex and Niflex solutions, an silloy-development program was initiated 
at Battelle Memorial Institute to supplement the studies at HAPO. In the beginning, 12 
alloy compositions were proposed for study. These 12 alloys — essentially modifica­
tions of vacuum-melted Hastelloy F in which one constituent was varied at a time — were 
designed for use both as welding materials for vacuum-melted Hastelloy F and as ma­
terials of construction in their own right. When these alloys had been evaluated for 
corrosion resistance in Sulfex and Niflex solutions, it became evident that better re ­
sults could be expected from the self-welded alloys than from welded vacuum-melted 
Hastelloy F . Consequently, the emphasis of the program was shifted at this point, and 
12 additional alloys were produced and evaluated in the seH-welded condition only. 

THE FIRST SERIES OF 12 EXPERIMENTAL ALLOYS 

Alloy Compositions 

The intended chemical compositions of the first ser ies of 12 experimental alloys 
are given in Table 1. Analyzed compositions for three of the alloys are also listed in 
Table 1. Copper, molybdenum, niobitim, and titanitim contents were varied in a base 
alloy having a nominal composition of iron-45 w/o nickel-22 w/o chromium-O. 6 w/o 
manganese-0^ 4 w/o silicon-0. 02 w/o carbon. In addition, the densities of the 12 alloys, 
as determined by the water-displacement method, and which were used in calculating 
corrosion ra tes , are shown in the table. 

Melting Procedure 

To secure low impurity levels and a low carbon content the alloys were vacuum 
melted. The melting was done in an Alundmn-lined induction furnace at a pressure of 
1 IJ. of miercury, ©r less . A 15-lb heat of each alloy was prepared. 



TABLE 1. COMPOSITIONS OF FIRST SERIES OF EXPERIMENTAL NICKEL-BASE CORROSION-RESISTANT 
WELDING ALLOYS 

Alloy 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

C 

0.02 
(0.02) 

0 .02 
(0.01) 

0 .02 

0 .02 

0 .02 

0 .02 
(0.01) 

0 .02 
(0. 03) 

0 .02 

0 .02 

0 .02 
(0. 02) 

0 ,02 
(0.01) 

N 

(0.012) 

— _ 
(0.010) 

__ 

— 

— 

«.̂  

(0.011) 

(0.012) 

(0.015) 

— 

(0.012) 

« ™ 

Ni 

4 5 . 0 ' 

45 .0 

45 .0 

45 .0 

45 .0 

45 .0 

45.0 

45 .0 

45 .0 

45 .0 

45.0 

CompositionCs) ^ w/o 
C r 

22.0 

22 .0 
(22. 0) 

22 .0 • 

22 .0 

22.0 

22.0 
(22. 2) 

22.0 

22.0 

22.0 

22 .0 

22.0 
(22. 2) 

Mo 

6 . 0 

6 . 0 
(5.6) 

6 . 0 

6 . 0 

3 . 0 

3 . 0 
(3.3) 

6 . 0 

9 . 0 

3 . 0 

6 . 0 

6 . 0 
(6.4) 

Cu 

1.0 

2 . 0 
(1.6) 

— 

— 

2 . 0 

2 . 0 
(2.0) 

3 . 0 

1.0 

1.0 

2 . 0 

2 . 0 
(1.8) 

Nb 

2 . 0 

2 . 0 
(1.96) 

- -

__ 

__ 

™ « . 

2 . 0 

2 . 0 

2 . 0 

— 

. ^ . a 

Ti 

- -

0 . 5 

1.0 

0 . 5 

1.0 
(1.2) 

— 

__ 

- -

- -

1.0 
(1.2) 

M n 

0 . 6 

0 . 6 
(0.7) 

0 . 6 

0 . 6 

0 . 6 

0 . 6 
(0. 85) 

0 . 6 

0 . 6 

0 . 6 

0 . 6 

0 . 6 
(0. 76) 

Si 

0 . 4 

0 . 4 
(0. 44) 

0 . 4 

0 . 4 

0 . 4 

0 . 4 
(0.21) 

0 . 4 

0 . 4 

0 . 4 

0 . 4 

0 . 4 
(0. 19) 

F e 

23.0 

2 2 . 0 ' 

25 .5 

25.0 

26 .5 

26.0 

21.0 

20 .0 

26 .0 

24 .0 

23.0 

DensityCb)^ 
g p e r cm^ 

8. 25 

8.26 

8.26 

8.25 

8.22 

8.22 

8.27 

8.32 

8.26 

8.30 

8.27 

12 0 .02 - - 45 .0 22.0 3.0 2.0 2.0 - - 0.6 0 . 4 25.0 8 ,24 
(0.02) (0.030) 

(a) Actual chemical composition given in paienthesess all others are intended values. 
(b) Determined by Ae water-displacement method. 

w 
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Melting Stock 

The h igh-pur i ty m e t a l s u sed a s s t a r t ing m a t e r i a l s a r e shown in Table 2. 

TABLE 2. METALS USED AS MELTING STOCK FOR THE 
FIRST SERIES OF EXPERIMENTAL ALLOYS 

Meta l Desc r ip t ion 

Nickel 

Ch romium 

Molybdenum 

Copper 

Niobium 

Titanixim 

Manganese 

Sil icon 

I ron 

E lec t ro ly t i c s h e a r e d stock 

Chromium m e t a l (99. 2 w / o C r , 0, 33 w/o F e , 
0. 087 w/o N, 0. 03 w / o C, 0. 20 w / o Si , 
0. 027 w / o Al, 0. 033 w / o S, 0. 006 w / o P) 

P u r e s c r a p 

E lec t ro ly t i c shot 

F e r r o c o l u m b i u m (59. 2 w / o Nb, 6.88 w/o Si, 
0. 31 w/o C, 2. 33 w/o Mn, -30 w/o Fe) 

Unalloyed s c r a p 

Dehydrogenated e lec t ro ly t ic g rade 

Silicon m e t a l 

A r m c o punchings (0. 27 w / o Cu, 0. 05 w/o Mn, 
0. 03 w/o Ni, 0. 017 w/o C, 0. 015 w/o C r , 
0. 008 w/o Mo, 0. 005 w/o Si, 0, 004 w / o Ti) 

Charging 

The following schedule i s typical of the charging p r o c e d u r e used: 

(1) A thin l a y e r of nickel was p laced on the bot tom of the c ruc ib le . 

(2) The next l a y e r cons is ted of the molybdenum addit ion. 

(3) Chromit im and the remain ing nickel w e r e then p laced on top of the 
molybdenum l aye r to r educe molybdenum l o s s e s f rom vola t i l i za ­
tion of i t s oxide. 

(4) A r m c o i ron was p laced on top of the cha rge so that it wotild p r e ­
heat above i t s Cur ie t e m p e r a t u r e and improve e l e c t r i c a l 
inductance. 

(5) Manganese , s i l icon, and f e r roco lumbium w e r e put in No. 1 charging 
cup while the t i tanium and copper addit ions w e r e put in No. 2 
charging cup. 
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Melting 

Typical ly , mel t ing p roceeded a s follows: 

(1) The c ruc ib le contents w e r e me l t ed by heat ing to about 2600 F a s 
m e a s u r e d by an i m m e r s i o n the rmocouple . 

(2) The s i l icon, m a n g a n e s e , and fe r roco l innbium w e r e then added to 
the m e l t , 

(3) F ina l ly , t i t an ium and copper w e r e added to the me l t j u s t p r i o r to 
pour ing . 

P o u r i n g 

During pour ing the following p r o c e d u r e w a s employed: 

(1) The t e m p e r a t u r e of the m e l t was held at 2600 F . 

(2) The m e l t was poured in vacuum into a z i rconi te sand mold to p r o ­
duce (a) a t a p e r e d r ec t angu la r ingot weighing about 8 to 9 lb , (b) a 
smal l pilot ingot of s i m i l a r shape weighing about 1 to 1-1/2 lb , and 
(c) a t a p e r e d c i r c u l a r hot top weighing about 5 to 6 lb . 

R e c o v e r i e s 

The r e s u l t s of the a n a l y s e s , included in Table 1, indicate that in some ins tances 
r e c o v e r i e s w e r e somewhat different than p red ic t ed . The adjusted r e c o v e r y fac to rs 
shown in Table 3 w e r e p r e p a r e d for use in calculat ing the cha rges for additional vacuum-
mel ted exper imen ta l a l loys of s i m i l a r composi t ion. 

TABLE 3. RECOVERY FACTORS FOR EXPERIMENTAL 
NICKEL-BASE ALLOYS 

Recovery F a c t o r 

Addition Metal 

Ni , F e , 3 w / o Mo 
1 w / o Ti 
22 w / o Cr 
6 w / o Mo 
2 w / o Nb, 9 w / o MoCa) 
1 to 3 w / o Cu 
0. 6 w/o Mn 
0 .4 w/o Si 

Used in 
F i r s t Ser ies 

1.00 
0 .95 
0.98 
0.98 
0 .95 
0 .95 
0.60 
0.90 

Adjusted 

1.00 
1.00 
0.99 
0.98 
0 .95 
0.90 
0.80 
0,70 

(a) No supporting analytical data. 
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Radiographic Inspect ion 

Radiographic inspect ion revea led a shr inkage cavity or pipe extending f rom the hot-
top junction to a depth of f rom 1/4 to 1-1/2 in. into the ingot ia each of the cas t ings . 
These por t ions of the ingots w e r e cropped. The pilot ingots w e r e sound. 

F a b r i c a t i o n 

Forg ing . P r e l i m i n a r y s tudies w e r e conducted on the sma l l pilot ingots to d e t e r ­
mine a sui table forging t e m p e r a t u r e for each al loy. The pi lot ingots w e r e hea ted in a 
Globar furnace to 2150 F . After soaking for about 30 min , the ingots w e r e forged to 
1/2-in. - th ick s l abs . On the b a s i s of the obse rved forging behavior and alloy compos i ­
tion, it was decided to lower the forging t e m p e r a t u r e to 2100 F for half of the a l loys and 
to 2000 F for the r e m a i n d e r (see Table 4). 

TABLE 4 . FORGING BEHAVIOR OF FIRST SERIES OF EXPERIMENTAL ALLOYS 

Alloy 

Forging 
Tennpera tu re , 

F 
Relat ive 

Forgeab i l i ty R e m a r k s 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

2000 
2000 
2100 
2100 
2100 
2100 
2000 
2000 
2000 
2100 
2100 
2000 

Good 
Fair 

Very good 
Very good 
Very good 
Very good 

Fair 
Fair 
Fair 
Poor 

Very good 
Good 

Severa l sma l l c r a c k s 
Multiple edge , c o r n e r , and surface c r a c k s 
Few slight c r a c k s 
Few slight c r a c k s 
Few slight c r a c k s 
Few slight c r a c k s 
Multiple edge , c o r n e r , and surface c r a c k s 
Multiple edge , c o r n e r , and surface c r a c k s 
Multiple edge , c o r n e r , and surface c r a c k s 
Many deep edge and surface c r a c k s 
Few slight c r a c k s 
Severa l sma l l c r a c k s 

The ingots w e r e then heated in a gas - f i r ed furnace to the p r e s e l e c t e d forging tem­
p e r a t u r e . After soaking for about 1 h r , the ingots were forged to about 3 / 4 - i n . - t h i c k 
s labs . The obse rved forging behavior of the 12 al loys is given in Table 4. In genera l , 
the t i tan ium-conta in ing a l loys w e r e supe r io r in the i r forgeabi l i ty to those a l loys con­
taining niobium addi t ions . The p o o r e s t behavior was demons t r a t ed by Alloy 10, which 
contained no t i tanium or niobium addi t ions . 

After forging, the s labs were rehea ted to 2000 or 2100 F and wa te r quenched. 
Then the s labs were cut into two p ieces of equal length and were pickled in an aqueous 
solution containing 45 p a r t s of HNO3 and 10 p a r t s of H F , by volume. The remova l of the 
oxide scale c l ea r ly r evea led the p r e s e n c e of c r a c k s in p r ac t i ca l l y all of the a l loys . Most 
of the c r a c k s w e r e removed by hot grinding p r i o r to roll ing; however , some of the 
deeper c r a c k s could not be ground out. These c r a c k s propagated dur ing hot rol l ing. 
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Hot Roll ing. It was foiwd that sa t i s fac to ry 1 /8 - in . - th ick s t r ip for welding and 
co r ros ion evaluat ions could be obtained read i ly f rom the forged s labs of the pilot ingots 
by heat ing them to 2100 F and rol l ing with a 20 p e r cent reduct ion p e r p a s s with r ehea t ­
ing after each p a s s . The forged s labs f rom the main ingots were p r o c e s s e d in this 
manne r except that the m a t e r i a l was f i r s t c r o s s rol led to a width of 5 to 7 in. After the 
l a s t p a s s , the s t r i p w a s allowed to cool in a i r p r i o r to solution annealing. 

The obse rved ho t - ro l l ing behavior of the 12 al loys i s desc r ibed in Table 5. In 
genera l , the rol l ing behavior of an al loy was s i m i l a r to i t s forging behavior . The alloys 
containing t i tan ium w e r e not n e a r l y so p rone to develop c r a c k s as were those to which 
niobium had been added. As expected, Alloy 10 was the poores t of the s e r i e s in this 
r e spec t . 

TABLE 5. HOT-ROLLING BEHAVIOR OF THE FIRST SERIES OF EXPERIMENTAL 
ALLOYS 

Alloy 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Relat ive 
Rel iabi l i ty 

Good 
F a i r 
Good 

Very good 
Very good 

Good 
F a i r 
F a i r 
Good 
Poor 

Very good 
Very good 

R e m a r k s 

Very slight c racks 
Slight c r a c k s , one deep c rack 
Very slight c r acks 
No c r a c k s 
No c r a c k s 
Very slight c r acks 
Moderate to deep c r a c k s 
Moderate to deep c r a c k s 
Very slight c r acks 
Moderate to very deep c r acks 
No c r a c k s 
No c r a c k s 

Annealing 

Studies were made on spec imens of ho t - ro l l ed s t r ip to de te rmine the optimum 
solut ion-anneal ing t e m p e r a t u r e for each of the 12 a l loys . A t r ea tmen t that would resu l t 
in maxixnum solution of minor p rec ip i t a ted p h a s e s without causing excess ive gra in growth 
and oxidation was sought. On the bas i s of meta l lographic examinat ions of alloy s t r u c ­
t u r e s and of an ana lys i s of h a r d n e s s data obtained f rom spec imens annealed 30 min at 
t e m p e r a t u r e s ranging f rom 800 to 2200 F (see Table 6), t h r e e annealing t e m p e r a t u r e s 
w e r e chosen: 1950 F for Alloys 5 and 6; 2050 F for Alloys 3, 4, 9, 10, 11, and 12; and 
2150 F for Alloys 1, 2, 7, and 8. 

A plot of h a r d n e s s v e r s u s anneal ing t e m p e r a t u r e produced the four dis t inct bands 
of cu rves shown in F i g u r e 1, H a r d n e s s data for Alloys 5 and 6, which were modified Ni-
o-nel composi t ions , fell into the lowest band, while the highest band included data from 
only Alloy 8, the 9 w / o molybdenum composi t ion. J u s t below the curve for Alloy 8 was 



TABLE 6. E F F E C T OF ANNEALING TEMPERATURE ON HARDNESS OF FIRST SERIES OF HOT-ROLLED 
EXPERIMENTAL ALLOYS 

Alloy 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

As Hot 
Rolled 

63 

63 .5 

59 

60 

58.5 

58 .5 

64 

67 .5 

60 

62 .5 

57. 5 

59 .5 

800 F 

__ 

63 

61 

- -

58 

57.5 

- -

66 .5 

— 

__ 

__ 

61 

Afte 
1200 F 

- -

64 

60 

__ 

57 

56. 5 

__ 

67 

- -

__ 

__ 

61 .5 

Rockwell A H; a rdnes s 
;r Annealing 30 Min At Indi 
1600 F 

__ 

61 

53 .5 

- -

46 .5 

50 

— 

6 2 . 5 

- -

__ 

__ 

53 

1700 F 

60. 5 

59 .5 

53. 5 

56 .5 

47 

46 .5 

60 

62. 5 

54. 5 

51 

56 

51 

1800 F 

57 

56. 5 

48.5 

50 

45. 5 

46 

57 

6 1 

50 

49 .5 

49. 5 

50. 5 

cated Te 
1900 F 

54 .5 

54 .5 

49. 5 

49. 5 

46 

47 

57 

60 

50.5 

49 

49 .5 

49. 5 

m p e r a t u r 
2000 F 

50 

51 

48 

49 

44 

45 

50 .5 

54. 5 

49. 5 

47 

48 

47. 5 

e 
2100 F 

49 .5 

50 

46 .5 

46 .5 

43, 5 

44 

49. 5 

52 .5 

47. 5 

46 

46 

46. 5 

2200 F 

48 

48 

44 .5 

45 

41 

41. 5 

47 

50. 5 

45 

45 

44. 5 

44 .5 

C^timi 
TemT 

im Annealing 
j e r a t u r e , F 

2150 

2150 

2050 

2050 

1950 

1950 

2150 

2150 

2050 

2050 

2050 

2050 

to 
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1700 1800 1900 2000 

Annealing Temperature, F 

2100 2200 

FIGURE 1, E F F E C T OF ANNEALING TEMPERATURE ON THE HARDNESS OF 
THE EXPERIMENTAL ALLOYS OF THE FIRST SERIES 
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a band containing the data for Alloys 1, 2, and 7, al l of which contained 6 w / o molyb­
denum plus 2 w / o niobium plus 1, 2, o r 3 w / o copper . Data f rom the r emain ing a l loys 
fell into the band second f rom the lowest . 

The bulk of the h o t - r o l l e d l / 8 - i n . - t h i ck s t r ip m a t e r i a l des t ined for welding and 
co r ro s ion evaluat ions was subsequent ly annealed for a pe r iod of 1 h r at the appropr i a t e 
t e m p e r a t u r e and then wa te r quenched. Rockwell B h a r d n e s s va lues for th is m a t e r i a l a r e 
given in Table 7. In genera l , the h a r d n e s s c u r v e s fell within the bands prev ious ly e s t ab ­
l i shed for the different a l loys dur ing p r e l i m i n a r y annealing s tud ies . Although a d i r ec t 
compar i son of h a r d n e s s and composi t ion i s somewhat compl ica ted by the fact that t h r e e 
solut ion-anneal ing t e m p e r a t u r e s w e r e used , a few genera l observa t ions a r e poss ib le . 
F o r example , a h igher h a r d n e s s was obse rved when the molybdenum content i nc r ea sed 
f rom 3 to 6 and f rom 6 to 9 w/o ; w h e r e a s , va r i a t ions in copper content had no significant 
effect on h a r d n e s s . 

TABLE 7. ROCKWELL B HARDNESS OF SOLUTION-ANNEALED 
STRIP OF THE FIRST SERIES OF EXPERIMENTAL 
ALLOYS 

Alloy 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Solution-Annealing 
T e m p e r a t u r e , 

F 

2150 
2150 
2050 
2050 
1950 
1950 
2150 
2150 
2050 
2050 
2050 
2050 

Rockwell B 
H a r d n e s s 

81 .5 
81 .5 
80.0 
78 .5 
76,0 
74,0 
82.0 
87.0 
84.0 
78,0 
77,0 
77 .5 

Meta l lographic Examinat ion 

Meta l lographic examinat ion of the solut ion-annealed s t r ip revea led a genera l ly 
f ine-gra ined aus teni t ic m a t r i x containing randomly d i s p e r s e d minor p h a s e s , p r e s u m e d to 
be complex c a r b i d e s , n i t r i d e s , and an in t e rme ta l l i c compound. The amount of undis ­
solved phases was cons iderab ly l e s s in the t i t an i t im-bear ing al loys than in those contain­
ing niobium. The quantity of the in t e rme ta l l i c compound appeared to i n c r e a s e with 
higher molybdenum contents , w h e r e a s va r i a t i ons in the copper content f rom 1 to 3 w/o 
had no not iceable effect on m i c r o s t r u c t u r e . The m i c r o s t r u c t u r e of 2 of the 12 expe r i ­
menta l a l loys and of v a c u u m - m e l t e d Has te l loy F , Heat FV 123, a r e shown in F i g u r e 2. 
Alloy 11 i s r e p r e s e n t a t i v e of those composi t ions (Alloys 3, 4, 5, 6, 9, 10, 11 , and 12) 
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500X c. Vacuum-Melted Hastelloy F N63639 
(Heat FV 123) 

n.GVm 2. MICROSTRUCT URES OF TWO SOLUTION-ANNEALED EXPERIMENTAL NICKEL-BASE AliOYS OF TIM FIRST 
SERIES AND OF HASTELLOY F 

The microstructure of Alloy 8 is representative of those of Alloys 1, 2, and 7; that of Alloy 11 is 
representauve of the remaining alloys. 
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containing a v e r y slight amount of minor phases ; while Alloy 8 i s typica l of the remain ing 
a l loys , which contained a m o d e r a t e amount of undissolved p h a s e s . The Haste l loy F con­
tained sl ightly m o r e second phase than Alloy 11. 

The spec imens w e r e p r e p a r e d for me ta l lograph ic examinat ion according to the 
following p r o c e d u r e : 

(1) Sawed on a cutoff wheel p a r a l l e l with the rol l ing d i rec t ion 

(2) Ground success ive ly on 240- , 4 0 0 - , and 600-gr i t paper 

(3) Po l i shed on Blue Diamond wheel for about 200 laps 

(4) P o l i s h e d on Microcloth for about 50 l aps 

(5) Etched by swabbing with a 3:1 solution of concent ra ted HCl and HNO3 
for 15 to 20 sec . 

Allocat ion of the Annealed Strip 

The finished ro l led and annealed s t r i p m a t e r i a l f rom the f i r s t s e r i e s of expe r i ­
menta l a l loys was of va r ious s i zes and shapes , depending on the amount that had to be 
ground f rom the forged s labs to e l iminate c r a c k s . T h e r e w e r e two p ieces of each alloy 
each roughly r ec tangu la r and averaging about 5 by 9 in. in d imens ions . A rec tangula r 
a r e a 3 by 9 in. , or an equivalent a r e a , was cut f rom one s t r ip of each alloy and sent to 
HAPO for evaluation at that s i te . F r o m the o ther s t r ip of each alloy, a rec tangula r 
p iece , 1-3/4 by 5 in. , was cut for subsequent machining into eight coupon-type c o r r o ­
sion spec imens . Also , two r ec t angu la r p i e c e s , 1-1/4 by 7 in. , w e r e cut adjacent to each 
other f rom this second s t r ip for the fabr ica t ion of welded co r ro s ion spec imens . All of 
these p i eces w e r e sawed f rom the s t r i p s us ing a band saw. The locat ion of each piece 
and the subsequent locat ion of spec imens cut f rom that p iece w e r e mapped in the event 
that co r ros ion data might indicate a composi t ional or s t ruc tu ra l anomaly in a ce r t a in 
a r e a of a s t r i p . 

"Welding P r o c e d u r e 

The two 1-1/4 by 7-in. p i ece s f rom each alloy, and s i m i l a r p i eces of vacuum-
mel ted Has te l loy F , Heat FV 123, w e r e butt welded together in the same re la t ionship 
that they were sawed f rom the s t r i p . 

Welding was done by the a rgon-sh ie lded t tmgs ten -a rc method. The tungsten e l ec ­
t rode ( I / I 6 in. in d i ame te r , 1 w / o thor ia ted tungsten) was on s t ra igh t polar i ty (e lect rode 
negative) using a d-c source of 20 to 22 v at 40 to 45 amp . The f i l ler me ta l for the weld­
men t s was square rod about 1/8 in. thick shea red f rom e i ther Haste l loy F or the expe r i ­
men ta l a l loys and pickled p r i o r to u se . 

The s t r i p s of base me ta l w e r e beveled to give a single V-joint with a 75-deg in­
cluded angle between the but ted edges . They, l ike the f i l l e r r o d s , w e r e pickled in an 
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aqueous solution compr i s ing 45 p e r cent concent ra ted HNO3 and 0, 5 ncr c pnt r-oncen-
t r a t e d H F , by vo lume. The p i ece s w e r e then clamped in a copper j ig , leaving a root gap 
of about 1/16 in. This j ig was equipped with an outlet for a rgon below tlie weld. An 
argon flow of 12 ft^ p e r h r was used for tiiis backup. A s i m i l a r flow r a t e %¥as used 
around the shielded tungsten e l ec t rode . The two beveled p ieces w e r e tack welded at one 
end, and a copper block was la id in the bevel . This forced the flow of the backup gas to 
be d is t r ibu ted along the gap. Welding was s t a r t e d at the opposite end using a manual 
fo re -hand technique. A single p a s s at about 1. 5 in. p e r min was used . The copper block 
was slid along the bevel a s welding p roceeded so that al l but the a r e a a l r eady welded was 
covered . The f i l ler s t r i p was fed by hand. Approximate ly 20 to 30 g of f i l ler m a t e r i a l 
was u sed for each weld (about 6 - 1 / 2 in. in length) . 

During welding, the shielding was not so effective as intended, and it was feared 
that the weldments might have been contaminated with n i t rogen. These weldments were 
shea red out, the remain ing p i ece s w e r e beveled , pickled, and rewelded with m o r e effi­
cient shielding. It was thought that th i s reworking of the s t r ip was done in such a manne r 
that no contaminat ion was c a r r i e d over f rom the f i r s t welding. 

All of the welds w e r e rad iographed , and a r e a s showing incomplete pene t ra t ion 
were m a r k e d and avoided dur ing the fabr ica t ion of co r ros ion spec imens . 

C o r r o s i o n Studies 

Unwelded Specimens 

Coupons, 1-1/2 by 1/2 by 1/8 in. , we re sawed, machined, and surface ground 
f rom s t r i p stock r ep re sen t ing each of the 12 exper imenta l al loys and the vacuum-mel ted 
Has te l loy F Heat FV 123. A 3 /16- in . hole was cen tered at one end of each coupon, and 
the coupons were suspended by these ho les dur ing tes t ing . As mentioned before , the 
coupons w e r e identified so that the i r pos i t ions in the or ig ina l s t r ips could be located in 
the event that anom.alous c o r r o s i o n behavior occu r r ed , 

Stilfex Studies. The Sulfex c o r r o s i o n studies were c a r r i e d out in g la s sware con­
sis t ing of 1-liter E r l e n m e y e r f lasks with a s t anda rd - t ape r top for inser t ion of spec imens 
and a s t a n d a r d - t a p e r side a r m topped by a wa te r -coo led Allihn condenser . Teflon 
s leeves were used in p lace of g r e a s e on al l g round-g lass jo in t s . The top of the con­
dense r was capped by a smal l inver ted beaker to d iscourage down draf ts and f ree flow of 
a i r c u r r e n t s . F o u r spec imens were suspended in each flask from a g lass hanger , two 
complete ly i m m e r s e d and two in the vapor phase above the boiling liquid. Six hundred 
m i l l i l i t e r s of a stock acid solution (3. 5 M H2SO4) was placed in each flask at the beginning 
of each 2 4 - h r - e x p o s u r e per iod . This is roughly 210 m l of solution p e r in. ^ of submerged 
spec imen a r e a . The boiling point of such a solution i s 107. 5 C, When the acid had 
reached boiling, 12 g of smal l chips shea red f rom clean. Type 304 ELC s ta in less s teel 
sheet about 40 m i l s thick was added to the acid . This i s equivalent to 20 g pe r l i t e r , and 
reac t ion gives a solution about 3. 14 M with r e s p e c t to H2SO4, Dissolut ion of this s teel , 
which took around 2 h r for complet ion, was allowed before the spec imens were in t ro ­
duced for 2 4 - h r - e x p o s u r e pe r iods to the refluxing acid. Following exposure , the spec i ­
m e n s w e r e removed , thoroughly r in sed in tap w a t e r while being scrubbed with a b r i s t l e 
b ru sh , r insed with d is t i l led wa te r and ace tone , and oven dr ied . Then weight l o s s e s 
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•v'Gre de te rmined . The spec imens w e r e ro ta ted to different f lasks on subsequent expo-
sui'e pe r iods to ave rage out any p e c u l i a r i t i e s in a p a r t i c u l a r f l a sk -condense r sys t em. 

The c o r r o s i o n r a t e s w e r e ca lcula ted for each 24-hr pe r iod in t e r m s of pene t ra t ion 
in imils p e r month. The r a t e s for th i s se t of unwelded coupons a r e given in Table 8. The 
averaged r a t e s for the dupl icate submerged spec imens a r e shown graphical ly in F i g u r e 3, 
and the appea rance of r e p r e s e n t a t i v e submerged spec imens following the five 24-hr ex­
posure pe r iods i s shown in F i g u r e 4. 

The a t tack was r easonab ly uniform on all of the spec imens . T h e r e i s no r e a l b a s i s 
f rom these resxiLts for se lect ing one al loy over another . The outstanding fea ture i s that 
a state of bo rde r l i ne pass iv i ty exis ted for the a l loys in th is medium. During every ex­
posure pe r iod some al loys w e r e active; during o the r s they w e r e pas s ive . Severa l 
m o r e exposure pe r iods would be r equ i r ed to ave rage th is effect and a s c e r t a i n which 
al loys w e r e supe r io r . It will be obse rved that the co r ro s ion r a t e s for v a p o r - p h a s e 
spec imens were never a s high as those for submerged spec imens in the act ive condition. 
This is r easonab le since the vapor in th is case should be a lmos t pu re wate r except for 
acid c a r r i e d up by splashing and en t ra inment . 

Niflex Studies. The Niflex s tudies w e r e conducted in equipment cons t ruc ted f rom 
K e l - F and Teflon. Eight -ounce K e l - F bo t t l es w e r e fitted with Teflon adap te r s which 
screwed onto the th readed necks of the bot t les and which extended to s leeves at the upper 
ends . Lengths of th in-wal led Teflon tubing w e r e p r e s s u r e fitted onto these s leeves and 
enclosed by g lass wa te r j a cke t s to fo rm condense r s . The bot t les were i m m e r s e d in 
baths of CaCl2 b r ine held in b e a k e r s covered with watch g l a s s e s . These ba ths , heated 
nea r ly to boil ing, provided stifficient hea t for refluxing the solut ions . F r e e a c c e s s of 
a i r to the top of the condense r s was blocked by inver ted p las t ic bo t t l es . Nei ther solution 
nor vapor came in contact with any g l a s s w a r e . A quantity of 145 m l of stock acid (1 M 
HNO3, 2 M HF) was used in each K e l - F bot t le . The mouths of the bot t les were too 
n a r r o w to p e r m i t in se r t ion of duplicate spec imens at the submerged and vapo r -phase 
posi t ions on the Teflon rod ho lde r , so only one spec imen in each posi t ion could be ex­
posed at a t ime . This i s a ra t io of about 75 m l solution p e r in. ^ of submerged specimen 
a r e a . F r e s h solutions w e r e used for each 24-hr exposure per iod . The spec imens were 
rotated f rom bott le to bott le dur ing the exposure pe r iods and were washed, b rushed , 
r insed , and d r i ed p r i o r to weighing in the same manne r as those exposed to the Sulfex 
solution. 

The co r ro s ion r a t e s of the unwelded spec imens a r e tabulated in Table 9. The 
graphical r ep re sen t a t i on of the r a t e s and the appea rance of r e p r e s e n t a t i v e submerged 
spec imens following exposure a r e shown in F i g u r e s 5 and 6, r e spec t ive ly . 

The m a t e r i a l s w e r e a t tacked much m o r e seve re ly by the Niflex solution than by the 
Sulfex solution and w e r e act ive dur ing each exposure per iod . The pene t ra t ion in mi l s is 
plotted v e r s u s the durat ion of exposure in F i g u r e 7. Severa l in te res t ing observa t ions 
can be made f rom th is f igure . The co r ro s ion r a t e s of all of the exper imenta l al loys 
were n e a r l y uniform, r e su l t ing in the pene t ra t ion being p rac t i ca l l y a l inear function of 
t ime . Two a l loys , 7 and 8, appear to have had shor t induction pe r iods but then cor roded 
uniformly. The c o r r o s i o n r a t e of the v a c u u m - m e l t e d Has te l loy F , however , kept in­
c reas ing with continued exposure . F i g u r e 7 a lso shows that Alloys 3 and 10 were the 
mos t r e s i s t a n t , c lose ly followed by Alloys 4 and 11. Such a p a t t e r n r e a p p e a r s in the 
subsequent s tudies of welded spec imens . 
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TABLE 8. CORROSION RATES OF UNWELDED SPECIklENS OF THE FIRST SERIES UPON EXPOSURE TO BOILING 

SULFEX SOLUTIONS^*) 

Alloy 

Hastelloy 
F 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Specimen 
Position 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 

Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 

Liquid 

Vappr 
Liquid 

Vapor 

Liquid 

Vapot 
Liquid 

Vapot 

Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

First 

0 .7 
2 .3 

0 . 3 
3 . 3 

0 .3 

2 . 4 

0 .6 
2,0 

0 .7 
2 .4 

0 .5 
2 .2 

0 .5 

2.7 

0 .4 
4 . 2 

0 .5 

5.6 

0 .3 

2.7 

0 . 2 

4 . 4 

0 . 3 

8.7 

0 . 3 

6 .8 

0.6 
2 .4 

0 .3 
3 ,2 

0 .2 

2 .4 

0.6 
1.9 

0 .6 

2 .3 

0 .5 
2 .3 

0 .4 

2.6 

0 . 4 
4 . 6 

0 .4 
5.4 

0 .3 

2.7 

0 .3 
4 , 5 

0 .3 
10 .4 

0 .4 
6,9 

Corrosion Rate Each 24-Hr Period 

Second 

0 . 3 
g(b) 

0 ,4 
0 .3 

0 . 2 
0 .3 

0 .3 

6 .9 

0 .8 
0 . 3 

0 . 1 
0 .4 

0 . 2 

5.6 

0 . 4 
2 .3 

0 . 3 
0 .4 

0 .3 
0 . 3 

0 .5 

0 .2 

0 .5 
0 . 2 

0 . 1 
7 .3 

0 . 5 

0 .3 

0 . 3 
0 . 3 

0 . 2 

0 . 3 

0 . 2 

1 2 . 2 

0 . 3 

0 . 3 

0 . 3 
0 . 5 

0 . 3 

5 .1 

0 . 3 
2 , 3 

0 . 2 
0 .4 

0 . 5 
0 . 2 

0 .4 

0 . 2 

0 . 5 

0 . 2 

0 .0 

4 . 7 

TMrd 

0 . 3 

3 .9 

0 . 1 

7 .9 

0 . 2 

0 . 2 

0 . 1 

8.8 

0 . 5 

0 . 2 

0 . 3 
4 . 4 

0 . 4 

0 . 3 

0 . 3 
0 . 3 

0 . 3 

0 .4 

0 .6 
0 .4 

0 . 3 

0 . 3 

0 .6 

0 . 3 

0 , 1 

4 . 0 

0 .3 

3 .4 

0 . 1 
7 .3 

0 . 2 

0 . 2 

0 .4 

3 . 1 

0 .4 
0 .2 

0 .2 

3.0 

0 .4 

0 . 2 

0 . 3 
0 .4 

0 .3 
0 .5 

0 .4 

0 .5 

0 , 1 
0 .3 

0 .6 

0 . 2 

0 . 3 

3.9 

. mils 

Fourth 

0 .6 

g 

0 . 1 
0 .2 

0 .2 

4 .7 

0 .4 
3.9 

0 .1 
3.0 

0 .4 
0 .2 

0 .4 

4 . 3 

0 .4 

0 ,2 

0 .2 
0 ,2 

0 .5 
0 .2 

0.7 
0 .2 

0 .4 

0 .2 

0 .8 
0 .2 

0 . 1 
0 . 3 

0 . 3 
0 .2 

0 . 2 

6 ,2 

0 . 3 

3 .4 

0 , 2 
3 ,1 

0 , 1 
0 .2 

0 .3 

4 . 4 

0 . 4 
0 .1 

0 .2 

0 .2 

0 .4 

0 . 2 

0 .5 

0 .2 

0 .4 

0 . 2 

0.7 

0 . 2 

pet month 
Fifth 

0 . 1 

6 .2 

0 .4 
0 .4 

0 .3 

0 .3 

0 .6 
0 .3 

O.S 
0 . 3 

0 .3 

0 .2 

0 .3 

0 . 2 

0 . 1 
0 ,3 

0 . 1 

3 .2 

0 .1 

3 .2 

0 .5 

0 . 3 

0 . 1 

0 . 3 

0 . 2 

2 .3 

0 . 1 

5.3 

0 .5 
0 .4 

0 .3 

0 .3 

0 .5 

0 . 2 

0.6 
0 .2 

0 .3 
0 .2 

0 .8 

0 .2 

0 . 1 
0 .3 

0 .2 

3 , 1 

0 ,2 
3 . 1 

0 ,1 

0 .2 

0 .4 

0 . 3 

0 . 3 
2 . 1 

Liquid Average 

2 .41 

2 .35 

1.63 

4.27 

1.23 

1.36 

2.56 

1.49 

1.94 

1,35 

1.08 

2.10 

3,84 

(a) Solution composition; 3.5 M H2SO4 In which 20 g per liter of Type 304 ELC stainless steel was dissolved. Solution was not 
purposely aerated. 

(b) g indicates a small gain in weight. 
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CORROSION OF UNWELDED HASTELLOY F AND EXPERIMENTAL ALLOY SPECIMENS OF THE 
FIRST SERIES UPON EXPOSURE TO SULFEX SOLUTION 

Unwelded coupons w e r e submerged in nonaera ted boiling solut ions . Average r a t e s for duplicate 
spec imens for each 24-hr per iod a r e shown. Ar rows indicate ove r - a l l ave rage . 
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FIGURE 4. UNWELDED SPEQMENS OF HASTELLOY F AND EXPERIMENTAL ALLOYS OF THE HRST SERIES AFTER 
EXPOSURE TO SULFEX SOLUTION 

Specimens were submerged in nonaerated boiling solutions. Corrosion rates, given in mils per month, 
are average values for duplicate specimens exposed over five 24-lir periods. 
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TABLE 9. CORROSION RATES OF UNWELDED SPECIMENS OF THE FIRST SERIES UPON EXPOSURE TO BOIUNG 
NIFLEX SOLUTIONSC*) 

Alloy 

Hastelloy 

F 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

H 

12 

Specimen 
Position 

Vapor 

Liquid 

Vapor 

Uquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 

l iquid 

Vapor 

Liquid 

Vapot 
Liquid 

Vapot 

Uquid 

Vapor 
Uquid 

Vapor 
Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

Vapor 
Liquid 

First 

28 

38 

45 
50 

51 
49 

27 

35 

32 
40 

37 

59 

39 

67 

48 
51 

50 

46 

39 

55 

27 
35 

28 

39 

42 
64 

28 

39 

41 

49 

40 

46 

27 

37 

31 
41 

34 

69 

39 

63 

31 

55 

62 

56 

35 

51 

28 
35 

28 

39 

41 

68 

Corrosion Rate Each 24-

Second 

34 

44 

74 

59 

83 

67 

28 

36 

38 
40 

37 

65 

38 
65 

88 
72 

77 
80 

61 

57 

30 

35 

34 

39 

53 
57 

43 
44 

62 

55 

56 
58 

29 

36 

44 

41 

41 

68 

41 

63 

94 

83 

72 

99 

45 
49 

31 

35 

30 

45 

46 
61 

Third 

50 
60 

76 

68 

84 

81 

29 

36 

34 
41 

38 
64 

36 

65 

74 

82 

91 
92 

77 
54 

21 
36 

34 

40 

69 

61 

61 

62 

63 
62 

71 

68 

29 

35 

34 

43 

38 

65 

34 

63 

71 

89 

95 
101 

39 

49 

32 
34 

34 

40 

51 

58 

-Hr Perii.jd, mils per 

Fourth 

65 
82 

52 

70 

76 

81 

30 

36 

42 
40 

35 

63 

43 
63 

83 

82 

100 

92 

48 

51 

31 
35 

32 
40 

49 
60 

80 

88 

61 
64 

Ci 

68 

29 

36 

3C 
42 

40 

65 

45 
60 

75 

87 

61 
101 

41 

52 

33 
39 

35 

38 

58 

57 

month 
Fifth 

95 

108 

65 

69 

75 

77 

34 

36 

41 

39 

39 
64 

34 

62 

40 

82 

97 
90 

49 

52 

33 

36 

32 

38 

55 
60 

107 

111 

68 

62 

55 

66 

26 

33 

54 

41 

40 

64 

35 
56 

75 

81 

76 

98 

45 

56 

31 
34 

36 
37 

50 

59 

Liquid Average 

67.6 

60 .8 

66 .1 

35 .6 

40 .8 

64.6 

62.7 

76.4 

85 .5 

52 .6 

3 6 . 4 

39 .5 

60.5 

(a) Solution composition; l.OMHNOg, 2. OMHF. 
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FIGURE 5. CORROSION OF UNWELDED HASTELLOY F AND EXPERIMENTAL ALLOY SPECIMENS OF THE 
FIRST SERIES UPON EXPOSURE TO NIFLEX SOLUTION 

Unwelded coupons w e r e submerged in nonaera ted boiling solut ions . Average r a t e s for duplicate 
spec imens for each 24-hr per iod a r e shown. Ar rows indicate o v e r - a l l ave rage . 
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TABLE 10. CCKROSION RATK OF HASTELLOY F SPECIMENS WITH WELDMENTS OF EXPERIMENTAL ALLOYS 
OF THE FIRST SERIES UPON EXPOSURE TO BOILING SUtfEX SOLUTIONS(a) 

Filler 
Alloy 

Hastelloy 

F 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Specimen 
Position 

Vapor 

Liquid 

Vapor 

Liquid 

Vapor 
Uquid 

Vapor 

Uquid 

Vapor 

Uquid 

Vapor 
Uquid 

Vapor 

Liquid 

Vapot 

Uquid 

Vapor 

Liquid 

Vapor 

Liquid 

Vapor 
Uquid 

Vapor 
Liquid 

Va{X)r 

Liquid 

First 

0 . 3 
1,0 

1,1 

1.2 

0 ,3 
7 .5 

0 . 2 

3 . 9 

0 .6 
1.5 

0 . 9 

1.1 

0 .2 

1.3 

0 .7 

0 . 9 

0 .5 
1.3 

0.6 
1.2 

0 .9 
1.2 

0 .5 
1.3 

0 ,5 
1.0 

0 .5 
1.0 

0 .9 

1,2 

0 .3 
7 . 6 

0.0 
4 . 4 

0 .7 

1.5 

0 .8 

1.1 

0 .2 

1.3 

0 .0 

1,0 

0 .6 
1.3 

0 .6 
2 . 4 

0.7 
1.2 

0 .5 
1.2 

0.5 
1.0 

< 3otrosioo Rate Each 24-Ht Period, mils 
Second 

0 . 9 

0 .8 

0 .5 

0 .4 

0 .4 

0 .2 

0 ,6 
0 .4 

0 .6 

0 .8 

0 .4 

0 .8 

0 . 1 

6 . 1 

0 , 1 

3 . 6 

0 ,6 
2 .6 

0 .2 

3 . 3 

0 .9 
0 .4 

0.7 

0 .6 

0 .6 
0 .9 

0.6 
0 .9 

0 .4 

0 .4 

0,5 
0 .3 

0 .5 

0 .5 

0 .5 

0 ,7 

0 .0 

0.7 

0.0 

6,2 

0 , 1 

3 . 9 

0 .7 

2 .7 

0 .2 
3 . 4 

1,0 

0 .4 

1.0 

0 .7 

0 .4 

1.0 

Third 

0 .6 
0 .5 

0 .4 

5 . 2 

0 .3 
9 .7 

0 .3 
11.0 

0 ,5 

6 .1 

0 , 6 
0 .4 

0 .4 

7 .4 

0 ,7 
0 . 4 

0 .4 
0 ,4 

0.6 

0 .4 

0 .8 
1.0 

0 .6 
0 .6 

0 .8 
0 .4 

0 . 7 

0 ,5 

0 ,3 

5 . 2 

0 .3 
9 .5 

0 .4 

10 .7 

0 .3 

6 .5 

0 .6 
0 .4 

0 .0 
7.2 

0 .6 
0 .4 

0 .7 

0 .5 

0 .3 
0 ,4 

0 .7 

0 .8 

0 .5 

0 .6 

0 .9 

0 .5 

pet month 
Fourth 

0 .2 

3 . 5 

g(b) 

4 , 5 

0 .3 
2 . 9 

0 ,6 

0 . 3 

0 .5 
0 .3 

0 .8 

0 .8 

0 .5 

0 .3 

0 ,5 

0 . 2 

0 ,4 

0 .2 

0 .1 

9 .7 

0 .1 

4 . 7 

0 ,4 

0 ,5 

0 .4 

6 . 1 

0 .2 
3 , 4 

0 , 1 

4 . 7 

g 
2 . 9 

0 .6 

0 . 3 

0 .5 
0 .3 

0 .5 

0 .7 

0 . 6 
0 .3 

0 .4 

0 . 2 

0 .5 
0 . 2 

0 . 1 

1 0 . 4 

0 .2 
3 . 9 

0 .4 

0 .4 

0 .2 

5 .9 

Fifth 

0 , 1 

0 . 3 

0 .6 

0 ,3 

0 ,7 
0 , 3 

0 .6 

0 ,2 

0 .7 
0 .2 

0 . 5 

0 . 3 

0 .5 
0 .2 

0 . 6 
0 , 2 

0 ,5 
0 ,3 

0 . 1 

0 . 3 

0.6 

1.6 

0 ,3 
0 .2 

0 .2 

0 .5 

0 . 6 

0 . 3 

0 ,8 

0 . 3 

1.2 
0 , 3 

0 ,6 
0 .2 

0 .6 
0.2 

0 .5 

0 .3 

0 ,6 
0 ,2 

0 . 6 

0 ,2 

0 .5 

0 . 3 

0 . 1 

0 . 3 

0.4 

1.4 

0 ,2 

0 .2 

0 .4 

0 .6 

Liquid Average 

1.2 

2 . 3 

4 . 1 

3 .2 

1,8 

0.66 

3 , 1 

1.1 

1.0 

3 .2 

1.7 

0 .63 

1.8 

(a) Solution composition: 3,5 M H2SO4 in which 20 g pet liter of Type 304 ELC stainless steel was dissolved. Solution was not 
purposely aerated. 

(b) g Indicates a small gain In weight. 
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CORROSION OF HASTELLOY F SPECIMENS WITH WELDMENTS OF EXPERIMENTAL ALLOYS 
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HGURE 10. HASTELLOY F SPECIMENS WITH WELDMENTS OF EXPERIMENTAL ALLOYS OF THE FIRST SERIES AFTER 
EXPOSURE TO SULFEX SOLUTION 

Specimens were submerged m nonaerated boiling solutions. Corrosion rates, given 3n mils per month, 
are average values for duplicate specimens exposed over five 24-hr periods. 
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TABLE 11. CORROSION RATES OF HASTELWY F SPECE ÎENS WITH WEmMENTS OF EXPERttiENTAL ALLOTS 
OF THE FIRST SERIES UPON EXPOSURE TO BOILING NfftEX SOLUTIorf*^ 

Filler 

Alloy 

Hastelloy 
F 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Specimen 

Position 

Vapor 
Uquid 

Vapor 

Liquid 

Vapor 
Liquid 

Vapor 

Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

Vapor 
Liquid 

Vapor 

Liquid 

(38)(' 

(48) 

First 

42 

47 

60 

83 

45 

59 

42 

49 

C)7g 

46 

50 

46 

46 
43 

46 
64 

67 

76 

36 

55 

46 

45 

(34) 61 
(42) 44 

64 

47 

24 
50 

56 
64 

65 

53 

34 

43 

33 

43 

40 

44 

35 
44 

48 
59 

60 

59 

45 

62 

49 
45 

38 
44 

35 
49 

Corrosion Rate Each 24-Hr Period, mils per 

Second 

53 
68 

78 
128 

72 
104 

67 

68 

(63) 43 

(77) 67 

77 

73 

59 

62 

41 

119 

46 

138 

57 

97 

75 
72 

(61) 67 

( 6 4 ) 6 1 

62 
80 

76 

93 

63 
113 

61 
133 

47 
59 

43 

62 

58 

68 

37 
59 

65 
112 

61 
149 

74 

102 

64 

76 

73 

65 

59 
81 

Thirc 

65 
107 

78 

138 

90 

149 

56 
111 

(82) 77 

(98) 109 

(9J) 
(88) 

94 
120 

87 

99 

92 
155 

90 

163 

67 

136 

93 
110 

64 
100 

69 

130 

I 

98 
120 

99 

146 

86 
156 

91 

97 

75 

98 

70 

113 

73 
94 

96 
147 

77 

166 

83 

125 

96 
109 

66 
99 

95 
117 

Fourth 

73 
129 

" 

--

90 

136 

86 

137 

8a 
140 

90 

117 

. . 

--

. . 

85 
124 

(98) 82 
(110) 126 

74 

150 

98 
144 

. . 

— 

114 

129 

77 
135 

90 

149 

87 

126 

— 

" 

— 

I l l 

135 

62 

128 

86 
144 

month 

Fifth 

97 
141 

_. 

. . 

84 

150 

91 
159 

110 

158 

75 
131 

. . 

— 

. . 

87 

131 

(93) 107 

(133) 140 

98 
161 

115 

148 

— 

--

103 

14-1 

79 

151 

98 
162 

110 

136 

. . 

. . 

._ 

73 

118 

98 
124 

98 

136 

Liquid Average 

104.7 

112.0(b) 

109. o(^) 

98.6 

100.7 

107.3 

9 1 . 1 

109.3(^) 

125. # ) 

96.2(b) 

9C.5 

93 .1 

109.5 

(a) Solution compositions 1.0 M HNO3, 2,0 M HF. 
(b) These weldments were perforated after tliree exposure periods; therefore, the average is based on tliree periods, 
(r) Values in parentheses are for a tfiird set of specimens (see text). 
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FIGURE 11. CORROSION OF HASTELLOY F SPECIMENS WITH WELDMENTS OF EXPERIMENTAL ALLOYS 
OF THE FIRST SERIES UPON EXPOSURE TO NIFLEX SOLUTION 

Specimena w e r e submerged in nonaera ted boiling solut ions . Average r a t e s for duplicate 
spec imens for each Z4-hr per iod a r e shown. Ar rows indicate o v e r - a l l ave rage . Note that 
poo re r spec imens were removed after t h ree p e r i o d s . 
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FIGURE 12. HASTELLOY F SPEaMENS WITH WELDMENTS OF EXPERIMENTAL ALLOYS OF THE FIRST SERIES AFTER 
EXPOSURE TO NIFLEX SOLUTION 

Specimens were submerged in nonaerated boiling solutions. Corrosion rates, given in mils per month, 
are average values for duplicate specimens exposed over five 24-hr periods. 
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After conducting s i m i l a r s tud ies , HAPO repo r t ed much be t t e r p e r f o r m a n c e s with 
ce r ta in of the a l loys , espec ia l ly Alloys 4 and 11. This r a i s e d some quest ion as to 
whether the weldments in the BMI spec imens might have been contaminated. More fl 
s t r i p s of v a c u u m - m e l t e d Has te l loy F (Heat FV 123) w e r e welded with Alloys 4 and 11 
imder careful ly cont ro l led conditions in which l i t t le opportunity for contaminat ion 
o c c u r r e d . Specimens machined f rom these s t r i p s w e r e then exposed to Niflex solut ions. 
The c o r r o s i o n r a t e s a r e shown in p a r e n t h e s e s in Table 11. The r a t e s pa ra l l e l ed those 
of the other analogous spec imens and the same type of se lec t ive a t tack in the weldments 
and in the heat -af fec ted zones o c c u r r e d . This const i tuted evidence that the welding p r o ­
cedures w e r e not p r i m a r i l y respons ib le for the poor pe r fo rmance of the welded Haste l loy 
F spec imens . Evidence p r e s e n t e d l a t e r indica tes the difference in pe r fo rmance may be 
r e l a t ed to the fact that a different heat of Has te l loy F was used at HAPO. 

Self-Welded Specimens of the 
Expe r imen ta l Alloys 

Coupons w e r e sawed, machined, and surface ground f rom s t r i p s of the va r ious ex­
p e r i m e n t a l a l loys which had been butt welded together us ing the same al loy as f i l ler 
me ta l . Again, the weldments r a n a c r o s s the middle of the spec imens and were machined 
flat p r i o r to exposure . Unwelded coupons of vacuum-me l t ed Haste l loy F (Heat FV 123) 
w e r e included with each s e r i e s so that the data could be re la ted to informat ion prev ious ly 
col lected. 

Sulfex Studies. In the two prev ious s e r i e s of Sulfex s tudies the condition of b o r d e r ­
l ine pass iv i ty had obscu red the re l a t ive m e r i t s of one alloy over another in r e g a r d to r e ­
s i s tance to the Sulfex solut ions . It had been es tab l i shed at HAPO that sparging a i r 
through the Sulfex solution dur ing the exposu re s r e su l t ed in about a tenfold i n c r e a s e in 
co r ro s ion r a t e for m o s t m a t e r i a l s over that obtained in the unaera ted solution. En­
vis ioned p r o c e s s condit ions will probably produce c o r r o s i v e conditions somewhere b e ­
tween these two e x t r e m e s , but it was a g r e e d that the a i r - s p a r g e d solutions might provide 
a b e t t e r b a s i s for the choice of m a t e r i a l s of cons t ruc t ion . The r eason for the substant ia l 
i n c r e a s e in c o r r o s i v e n e s s of the Sulfex solutions upon a i r sparging i s not c l e a r . One can 
spectilate that it m a y be a s soc i a t ed with the amount of hexavalent ch romium produced 
f rom the d issolved s t a in l e s s s tee l . Chromium in the hexavalent s tate has been shown to 
marked ly i n c r e a s e co r ro s ion in n i t r i c acid s y s t e m s . See, for ins tance , the effect of 
hexavalent chromiti in on the co r ro s ion of Ni -o -ne l by Thorex solutions desc r ibed on 
pages B-7 to B-13 of BMI-1375. (3) 

The co r ro s ion r a t e s for th is set of e x p e r i m e n t s , shown in Table 12, were obtained 
in the p r e s e n c e of an a i r spa rge . The solutions w e r e made in the same manne r as before . 
During exposure of the spec imens , cyl inder a i r was bubbled through smal l g l a s s tubes 
i n se r t ed beneath the sur faces of the acid solutions in the f l a sks . A r a t e of approximate ly 
0. 5 m l of a i r pe r m l of solution p e r min was main ta ined . 

The c o r r o s i o n r a t e s of the submerged spec imens did indeed i n c r e a s e by about a 
fac tor of ten over r a t e s m e a s u r e d in the unae ra t ed solution. Moreover , t h e r e were no 
pe r iods during which the submerged spec imens r e m a i n e d pa s s ive , although the r a t e s did 
show some fluctuation f rom per iod to per iod . This i s shown graphical ly in F i g u r e 13. 
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TABLE 12. CORROSION RATES OF SELF-WELDED EXPERIMENTAL ALLOY SPECIMENS OF THE FIRST SERIES UPON 
EXPOSURE TO AERATED, BOILING SUUEX S O L U T I O N C ^ ) 

Alloy and 
Filler 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Hastelloy 
F 

(unwelded) 

Specimen 
Position 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Uquid 

Vapor 
liquid 

Vapot 
Uquid 

Vapor 
Liquid 

Vapor 
Liquid 

First 

0.2 
12. 

0.1 
14. 

0 .1 

15. 

0.0 
19. 

0.0 
15. 

0 .1 
13, 

0 .1 
14. 

0.2 
3 .8 

0 .1 
16. 

0.0 

18. 

0.0 
18. 

0.0 
15. 

0.3 
0 .4 

0.2 
13. 

0 .1 
13. 

0.2 
15. 

0 .1 

18. 

0.0 

15. 

0.2 
12. 

0 .1 
14. 

0 .2 
3.7 

0.0 

16. 

0 . 1 
18. 

0 .0 
19. 

0.0 

18. 

0.3 
0.5 

Corrosion Rate Ea 
Second 

0 .1 

37. 

0.0 
19. 

0 .0 
20. 

0.0 
25 . 

0.0 
15. 

0.0 
20. 

0.0 
22. 

0 .1 
19. 

0.0 
16. 

0.0 

15. 

0.0 
16. 

0.0 
17. 

0.0 
15. 

0.0 

36. 

0 .1 
19. 

0 .0 
20. 

g 
24. 

0 .1 
15. 

0 .0 
2 1 , 

0 .0 
24, 

0.0 
20. 

0.0 
14. 

0 .0 
14. 

0.0 
16. 

0.0 
18. 

0 ,0 
14. 

ch 24-Hr Period, mils per montli 
Third 

g(b) 

51 . 

0.0 
7.7 

0.0 
24. 

0 ,1 
22. 

0.0 
17. 

0 .1 
27. 

0.0 

25. 

0.0 

21 . 

0.0 
16, 

0.0 
20. 

0.0 
30. 

0.0 
24. 

0.0 

32. 

0.0 

48. 

0.0 
8.0 

0.0 
24. 

0.8 
22. 

0.0 
17, 

0.2 
26. 

0.0 
26. 

0.0 
21. 

0,0 
16, 

0.0 
19, 

0.0 

28, 

0.0 
24. 

0.0 
33. 

Fourth 

0.2 
2 1 . 

0 .1 
29. 

0,0 
14. 

0.6 
13, 

0.2 
16. 

g 
14. 

0 ,1 
20, 

0.0 
12. 

0 .1 
23. 

0,2 
20. 

0 .1 

19. 

g 
13. 

0.3 
16. 

0.0 

19. 

0 .1 
29. 

0.0 
14. 

0 .4 
13. 

g 
18. 

0,0 
15, 

g 
2 1 . 

0.3 
12. 

g 
23 . 

0 .1 
19. 

g 
19. 

0 .1 
13. 

0.3 
16. 

Fifth 

0,0 
24. 

0,2 
14. 

0,0 

23. 

0.6 
7.0 

0.4 
10. 

0.0 
16. 

0 .1 
11 . 

0,0 
19. 

0,3 
9.3 

0 .1 

26. 

0 .1 

19. 

0 .4 
1 1 . 

0.5 
17. 

g 
23. 

0,0 
14. 

0.0 
22. 

0.7 
7.6 

0.6 
10. 

0.0 
14, 

0 .1 
11 . 

0 .1 
18. 

0 ,4 

9.3 

0,1 
26, 

0 .1 
21 . 

0 .1 
11 . 

0 ,4 

18. 

Liquid Average 

28.4 

16.7 

19.1 

17.1 

14.8 

17.8 

18.8 

15.0 

16.9 

19.5 

20.5 

16.4 

16.2 

(a) Solution composition: 3.5 M H2SO4 in which 20 g per liter of Type 304 Eix; stainless steel was dissolved. Solutions were 
aerated with cylinder air at the rate of 0,5 ml of air per ml of solution pet min. 

(b) g indicates a small gain in weight. 
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CORROSION OF SELF-WELDED EXPERIMENTAL ALLOYS OF THE FIRST SERIES UPON EXPOSURE 
TO SULFEX SOLUTION 

Specimens were submerged in a e r a t e d boiling solut ions . Average r a t e s for duplicate spec imens for 
each 24-hr per iod a r e shown. Arrow indica tes ove r - a l l ave rage . 
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Even though the c o r r o s i o n r a t e s w e r e cons iderab ly h igher than in the other SuUex 
s tudies t h e r e was no se lec t ive a t tack of fhe we ldments . The appearance of r e p r e s e n t a ­
t ive submerged spec imens following exposure i s shown in F i g u r e 14. The at tack on al l 
spec imens was fa i r ly uniform. Except for the high ra t e of Alloy 1̂  the co r ros ion r a t e s 
w e r e sufficiently s i m i l a r that t h e r e i s l i t t le b a s i s for select ing one alloy in p re fe rence to 
another for Sulfex u s e . 

Niflex Studies . The s tudies conducted with seK-welded spec imens in the Niflex 
solution brought out some significant di f ferences in the r e s i s t a n c e s of the a l loys . 

The weldments of the submerged spec imens of Alloys 1, 2, 7, and 8 w e r e p e r ­
fora ted by the end of t h r e e 24 -h r exposure p e r i o d s to boiling Nivlex solution. By the end 
of five p e r i o d s , s e v e r e loca l ized a t tack in and around the weldments was evident on the 
submerged spec imens of Al loys 9 and 12, a l so . 

In con t ra s t to the res t i l t s obtained with Has te l loy F spec imens welded with the ex­
p e r i m e n t a l a l loys , se l f -welded spec imens of Alloys 3, 4, 5, 6, 10, and 11 were not 
se lec t ive ly a t tacked. F u r t h e r m o r e , no i n c r e a s e d at tack o c c u r r e d in the heat-affected 
zones on these self-welded spec imens . As in the case with the unwelded spec imens , the 
lowest c o r r o s i o n r a t e s w e r e m e a s u r e d for Alloys 3, 4, 10, and 11. The r a t e s a r e tabu­
la ted in Table 13 and shown graphica l ly in F i g u r e 15. In fact , the b a r s r ep resen t ing 
co r ros ion r a t e s for Alloys 3, 4, 5, 6, 9, 10, 11, and 12 in F i g u r e 15 can be nea r ly 
super imposed on the cor responding b a r s for the tinwelded spec imens shown in F i g u r e 5. 

The appearance of r e p r e s e n t a t i v e sel f -welded, submerged spec imens following ex­
posu re is shown in F i g u r e 16. While the o v e r - a l l a t tack was quite high for al l the spec i ­
m e n s , the p r o b l e m of se lec t ive a t tack of the weldments a p p e a r s to have been overcome 
by the use of ce r t a in of the self-welded a l loys . 

Misce l laneous C o r r o s i o n Studies in 
P r e p a r a t i o n for the Second 
Alloy Se r i e s 

Severa l s h o r t - t e r m s tudies in Niflex solution were conducted as adjuncts to the 
study of the 12 exper imen ta l a l loys to e i the r help elucidate the co r ros ion c h a r a c t e r i s t i c s 
observed in the expe r imen ta l a l loys o r to i n c r e a s e the genera l knowledge before se lec t ­
ing an addit ional group of expe r imen ta l compos i t ions . 

F a i r co r ro s ion r e s i s t a n c e in Niflex solutions for spec imens of vacuum-mel ted 
Has te l loy F (Heat FV 153) welded with Alloys 3, 4, 10, and 11 had been observed at 
HAPO. It had a lso es tab l i shed that the HAPO or ig ina l stock of vacuum-mel ted Hastel loy 
F (Heat FV 150) had significantly b e t t e r r e s i s t a n c e to Niflex solutions than any of the 
subsequent h e a t s . Th i s was confirmed at BMI, as shown in Table 14. Note that the 
co r ros ion ra t e for the spec imen of Heat FV 150 did not show the tendency to i n c r e a s e 
with continued exposure a s did Heat FV 123. The composi t ional var ia t ions of the minor 
e lements in these h e a t s , tabulated on page 39, do not show any str iking r eason for the dif-
ferenccto in r e s i s t a n c e un less it is r e l a ted to the sulfur content. It apparent ly cannot be 
a sc r ibed to the carbon content a s c o m m e r c i a l Has te l loy F with a carbon content of about 
0. 05 w / o gave re la t ive ly s table c o r r o s i o n r a t e s , a s shown in Table 14. 
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FIGURE 14, SELF-WELDED SreCIMENS OF EXPEMMENTAL ALLOYS OF THE FIRST SERIES AFTER EXPOSURE TO AERATED 
SULFEX SOLUTION 

Specimens were submerged m aerated (0.5 ml of air per ml of soluuon per nun) boilmg »lutions« Corrosion 
rates, given in mils per month, are average values for duplicate specimens exposed over five 24-hr periods. 
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TABLE 13. CORROSION RATES OF SELF-WELDED EXPERIMENTAL ALLOY SPECIMENS OF THE FIRST SERIES UPON 
EXPOSURE TO BOILING NIFLEX SOLUTION(a) 

Specimen Corrosion Rate Each 24-Ht Period, mils per month 
Alloy and Filler Position First Second Third Fourth Fifth Liquid Average 

1 Vapor 46 41 80 65 76 54 
Liquid 60 62 86 87 97 100 — 82.0^^^ 

2 Vapor 55 42 81 81 58 89 
Liquid 70 71 112 117 124 120 - — 102.3^^^ 

3 Vapor 32 30 33 26 31 23 25 29 48 42 
Liquid 38 37 38 38 36 38 37 37 38 34 37.1 

4 Vapor 58 30 42 32 35 29 28 20 30 35 
Liquid 41 41 41 41 40 41 40 41 41 39 40.6 

5 Vapor 40 34 37 32 38 33 32 33 35 38 
Liquid 58 57 60 61 61 59 52 57 58 58 58.1 

6 Vapor 38 36 35 37 40 38 43 34 38 39 
Liquid 67 58 61 55 63 58 63 61 59 61 60.6 

7 Vapor 45 55 52 99 80 34 
Liquid 70 76 104 128 111 121 — - - — -- 101.7^''^ 

8 Vapor 75 65 97 86 112 114 
Liquid IM 103 170 165 151 158 -- - - - - — 145.0^^^ 

9 Vapor 39 37 75 46 46 44 48 50 52 47 
Liquid 53 54 62 53 52 65 53 55 54 54 53.5 

10 Vapor 25 28 28 27 31 29 20 33 27 32 
Liquid 36 35 35 35 34 36 36 35 35 33 35.0 

11 Vapor 32 36 29 29 29 29 32 34 34 35 
Liquid 37 37 37 37 37 38 38 38 37 37 37.3 

12 Vapor 37 38 48 43 51 44 59 52 72 54 
Liquid 60 58 60 60 61 61 61 62 64 60 60.7 

Hastelloy F Vapor 35 32 48 38 56 64 93 62 53 74 
(imweldcd) Liquid 39 40 44 47 60 67 77 95 100 121 69.0 

(a) Solution composition: 1.0 M HNO3, 2.0 M HF. 
(b) These weldments were perforated after three exposure periods. Therefore, the average is based on tliree periods. 



5, CORROSION OF SELF-WELDED EXPERIMENTAL ALLOYS OF THE FIRST SERIES UPON EXPOSURE 
TO NIFLEX SOLUTION 

Specimens were submerged in nonaera ted boil ing solut ions. Average r a t e s for duplicate spec imens for 
each Z4-hr per iod a r e shown. Ar rows indicate ove r - a l l ave rage . Note that poore r spec imens were 
removed after t h ree p e r i o d s . 



i l l O T 

Bate %? 

41 lo-/ 

37 

Alio:/ 

Rate ^ ^ 82» ^ . ^ ^ ino. 
- ^ 

^^ 

^ 1 - - ^ 

n 

• - ; lA '* ' E' 

^O 

•'^rtil*^^* 

! ' . £ ' 

=ate * -?«• -"* ^ j 

N65336 

FIGURE 16. SELF-WELDED SPECIMENS OF EXPERIMENTAL ALLOYS OF THE FIRST SEMES AFTER EXPOSURE TO 
NIFLEX SOLUTIONS 

Specimens were submerged in nonaerated boiling solutions. Corrosion rates, given in mils pet month, 
are average values for duplicate specimens exposed over five 24-hr periods „ 
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TABLE 14. CORROSION RATES OF UNWELDED SPECIMENS OT MISCELLANEOUS AHOYS UPON EXPOSURE 
TO BOILING NIFLEX SOLUTION^*^ 

Alloy 
Specimen 
Position First 

Corrosion Rate Each 24-Hr Period, mils per month 
Second Third Fourth Fifth Sixth 

Hastelloy 
F (FV 150) 

Hastelloy 
F (Commer­
cial) 

Elgiloy 

Illium 98 

Haynes 21 
(tolled) 

CD4MCU 

Hastelloy 
F (FV 123) 

Vapor 
Liquid 

Vapor 
Liquid 

Liquid 

Uquid 

Liquid 

Uquid 

Liquid 

— 
42 

. . 
54 

87 

82 

64 

140 

39 

— 
--

-„ 

52 

88 

— 

_. 

. -

— 

--
31 

34 

— 

118 

189 

71 

228 

47 

— 
— 

. . 
49 

118 

— 

._ 

— 

._ 

— — 
50 — 

__ _. 
52 47 

Removed 

236 " 

61 -

Removed 

67 -

-- --
39 -

. . __ 
47 46 

— — 

Removed 

54 — 

— — 

95 — 

41 

46 45 

46 

121 

49 47 

(a) Solution composition: l.OMHNOgj 2,0 MHF. 
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Heat 
FV 150 
FV 153 
FV 123 

Relative 
Resistance 
Good 
Fair ly good 
Poor 

Nb 
2.1 
2.3 
1.9 

Mn 
1, 15 
1.60 
1.27 

Si 
0.34 
0,39 
0,54 

Compo! 
Co 

0.33 
0. 19 
0.28 

sition. 
Cu 

0.01 
0.06 
0.02 

w / o 
S 

0.008 
0.007 
0.018 

C 
0.01 
0.02 
0.02 

N 

0.009 

0.009 

Specimens of Elgiloy (cobalt-20 w/o chromium-15 w/o nickel-15 w/o iron-7 w/o 
molybdenum-2 w/o manganese-0. 05 w/o carbon-0, 03 w/o beryllium) did not show good 
resistance. Neither did Illium 98 (nickel-26 w/o chromium-8 w/o molybdentim-5 w/o 
copper-2. 5 w/o iron-0. 03 w/o carbon), or CD4MCu (iron-25 w/o chromium-3 w/o 
copper-2 w/o molybdenum-1 w/o silicon-1 w/o manganese-0. 04 w/o carbon). Howeverj 
rolled Haynes 21 (cobalt-28 w/o chroinium-5 w/o molybdenum-3 w/o nickel-2 w/o iron-
0. 30 w/o carbon) showed fair resis tance. This alloy, unforttmately, has very poor 
resistance to StJ.fex solutions. (3) 

It has already been shown that the weldments of self-welded specimens of Alloy 1 
were quickly perforated by Niflex solutions while selective attack was not pronotmced in 
the case of Alloy 4. Specinmens of the as-cas t material of these two alloys were exposed 
to boiling Niflex solution for 24 hr . The corrosion rates were 401 mils per month for 
Alloy 1 and 60 mils per ixionth for Alloy 4. This rate of 401 compared to about 60 mils 
per month for the rolled and annealed structure showed that the cast structure of Alloy 1 
was very much more susceptible to attack by Niflex solution. The corroded specimen 
of as-cas t Alloy 1 was very spongy, as if certain areas were much more resistant than 
others. The metal standing out in relief was scraped off and its composition was found to 
be lower in molybdenum and niobium than that of the base metal. This is in line with 
observations of the relationship between resistance to Niflex corrosion and the molyb­
denum and niobium contents of the experimental alloys. 

Conclusions Based on the F i r s t Series 
of Experimental Alloys 

The results of exposure of the various sets of welded and unwelded coupons to 
Sulfex solution have not provided any good basis for the selection of one experimental 
alloy over the others. All of the alloys, with the possible exception of Alloy 1, can be 
expected to behave reasonably well in Stilfex solutions even when the solutions are 
aerated. 

The Niflex studies indicated that none of the first series of experimental alloys is 
useful as a welding material for vacuum-melted Hastelloy F , at least for Heat FV 123. 
However, some of these alloys, when self-welded, were reasonably resistant to Niflex 
solution. In fact, eight experimental compositions evinced lower rates than the 
Hastelloy F heat. In Table 15, the average corrosion rates of submerged, self-welded 
specimens are compared with important compositional variables. The alloys are 
arranged in order of decreasing resistance to boiling Niflex solution. Only three 24-hr 
exposure periods were averaged in the case of Niflex solutions so that all alloys could 
be compared on the same basis . 
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TABLE 15. COMPARISONS OF COMPOSITIONAL VARIABLES AND CORROSION RATES FOR SEtf-WELDED 
SPECIMENS OF THE FIKST SHIIES SUBMERGED IN BOIUNG NIFLEX^®) OR AERATED 
SUUEXCW SOLUTIONS 

Corrosion Rate, 
mils per month Intended^ Alloy Addition^ w/o 

Allo/'=) 

10 
11 
3 
4 

9 
5 

12 
6 

Hastelloy F 
1 
7 
2 
8 

Nlflex^^^ 

35.2 
37.2 
37.5 
40.8 

53.2 
59.3 
60.0 
60.3 

80.8 
82.0® 

102. tf) 
102. « 
145. (0 

SulfexCe) 

19.5 
20.5 
19.1 
17.1 

15.9 
14.8 
16.4 
17.8 

16.2 
28.4 
18.8 
16.7 
15.0 

Mo 

6 
6 
6 
6 

3 
3 
3 
3 

6.4 
6 
6 
6 
9 

Cu 

2 
2 
.. 
— 

1 
2 
2 
2 

0.02 
1 
3 
2 
1 

Nb 

. . 
- . 
. . 
" 

2 
— 
2 
--

1.4 
2 
2 
2 
2 

Ti 

. -
1 

0.5 
1 

— 
0.5 
. -
1 

... 
— 
— 
. . 
.m 

(a) Niflex solution composition; 1.0 M HNO3, 2.0 M HF. 
(b) Sulfex solution composition: 3 M H2SO4 in which 20 g per liter of Type 304 ELC stainless steel was 

dissolved. Solution was aerated with cylinder air at rate of 0.5 ml of air per ml of solution per min. 
(c) Arranged in order of decreasing resistance to boiling Niflex solutions. 
(d) Averaged corrosion rates for duplicate, submerged, self-welded specimens over three 24-hr exposure 

periods. 
(e) Averaged corrosion rates for duplicate, submerged, self-welded specimens over five 24-hr exposure 

periods. 
(f) Weldments perforated by end of third exposure period. 
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F r o m tile data in Table 15, it i s apparen t tiiat no alloy containing a niobium addi­
tion was among the four m o s t r e s i s t a n t a l loys . It appea r s iha.t niobium additions a r e \m-
des i r ab le for Niflex s e r v i c e . Apparent ly , copper addit ions do not significantly affect the 
Niflex r e s i s t a n c e tmless niobi-om is a l so p r e s e n t . In this event, inc reas ing the copper 
content m a y lower the r e s i s t a n c e . The p r e s e n c e of t i tanium s e e m s des i r ab le because of 
i t s contr ibut ion to workabi l i ty , even though it does not s eem to affect tiie co r ro s ion r a t e . 
Cer ta in ly 9 w / o molybdenixm i s too high for th i s ba se composit ion and the opt imum 
molybdenum content m a y l ie between 3 and 6 w / o . 

The me ta l log raph ic s t r u c t u r e of the ro l led , annealed a l loys r evea l s a much h igher 
concentra t ion of a second phase in the a l loys with poores t Niflex r e s i s t a n c e . The high-
molybdenumj n iobium-conta in ing a l loys ejdiibit the g r ea t e s t p reponderance of tiiis 
second phase , with Alloy 8 containing tiie l a r g e s t amount. Ti tanium-conta in ing al loys 
show l e s s second phase than n iobium-conta in ing a l loys , with AUoys 3 and 4 showing the 
l eas t . Should eiti ier of these e l emen t s be added to improve workabi l i ty and to combine 
with the carbon, t i t an ium i s s t rongly favored over niobium for Niflex s e rv i ce . 

Apparen t ly th is second phase i s r e spons ib le in l a r g e p a r t for poor r e s i s t a n c e of the 
al loys to c o r r o s i o n by Niflex solut ions . Weldments of self-welded Alloys 2, 8, 3, and 
10 were examined by meta l lography . The second phase was found to a l a r g e extent in 
the weld s t r u c t u r e s of Alloys 2 and 8, but not to any degree in Alloys 3 and 10. It will be 
r eca l l ed that the we ldments of Alloys 2 and 8 w e r e per fo ra ted by the end of t h ree expo­
sure pe r iods while those of Alloys 3 and 10 showed l i t t le se lect ive at tack. Apparent ly , 
the second phase o c c u r s in tiie weld s t r u c t u r e in the s ame manne r a s in the ro l led , 
annealed s t r u c t u r e . It m u s t p rec ip i t a t e at e x t r e m e l y high t e m p e r a t u r e s , and t h e r e s e e m s 
to be l i t t le hope of significantly lower ing the amount of second phase by heat t r e a t m e n t s . 

THE SECOND SERIES OF 12 EXPERIMENTAL ALLOYS 

Alloy Composi t ions 

B a s e d on the knowledge gained dur ing the fabr ica t ion , welding, and co r ros ion 
evaluat ions of the f i r s t s e r i e s of exper imen ta l a l loys , a s well a s on co r ros ion evalua­
t ions conducted on these and s i m i l a r a l loys at HAPO, a second s e r i e s of 12 exper imenta l 
al loys was p r e p a r e d . The emphas i s in th is second group of al loys was shifted f rom 
cons idera t ion of the a l loys a s welding m a t e r i a l s for vacuum-mel t ed Haste l loy F to use 
of the a l loys t h e m s e l v e s a s conta iner m a t e r i a l s . The composi t ions se lected for this 
second s e r i e s of a l loys a r e shown in Table 16. It will be noted that 1 w / o t i tanium was 
included in al l of the a l loys for both improved workabi l i ty and carbide s tabi l izat ion. 
AUoys 13 through 16 p a r a l l e l Alloy 4, forming a group with inc reas ing molybdenum con­
tent , copper being added to the h igh-molybdenum alloy. In Alloys 17 through 21 , copper 
and molybdenum contents a r e va r i ed in a 50 w / o n icke l -25 w / o chromium b a s e . 
Alloys 19 and 20 w e r e thought to contain a s much ch romium, molybdenum, and nickel as 
poss ib le and s t i l l main ta in forgeabi l i ty . Cobalt was subst i tuted for p a r t of the nickel in 
Alloys 22 through 24, while ch romium a n d / o r molybdentun were va r ied . This was done 
because of the f a i r - t o -good c o r r o s i o n behavior shown by coba l t -base alloys in s eve ra l 
co r ros ive chemica l so lu t ions . 
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TABLE 16. INTENDED COMPOSITIONS OF SECOND SERIES OF 
EXPERIMENTAL ALLOYS 

Intended C o m p o s i t i o n a l , w / o 
Alloy 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Ni 

45 
45 
45 
45 
50 
50 
50 
50 
50 
25 
25 
25 

Cr 

22 
22 
22 
22 
25 
Z5 
25 
25 
Z5 
22 
25 
25 

Mo 

1.5 
4.5 
9 
9 
1.5 
4.5 
6 
6 
1.5 
6 
6 
9 

Co 

. . 

--
--
--
— 
— 
__ 
— 
— 

25 
25 
25 

Fe 

Z9.5 
26.5 
22 
21 
21.5 
18.5 
17 
16 
18.5 
20 
17 
14 

(a) AH alloys Intended to contain 0.02 w/o carbons 0.6 w/o manganeses and 0,4 w/o silicon. 

Melt ing P r o c e d u r e 

F o u r of what appea red to be the m o s t difficult a l loys of the second s e r i e s to f ab r i ­
cate w e r e se lected and vacuum m.elted f i r s t in 15-lb h e a t s . The same p r o c e d u r e was 
used for these hea t s a s was used for the f i r s t s e r i e s of a l loys . These a l loys forged 
reasonably wel l , but ana ly t ica l data obtained at the t ime indicated poor r e c o v e r i e s of 
molybdentun (57 to 71 p e r cent) and only one of these hea t s was cons idered useab le . 

In view of the apparen t poor molybdenum r e c o v e r i e s , the final 11 h e a t s of 12-lb 
size w e r e mel ted , using an a l t e r e d p r o c e d u r e . Although the ingot s ize was the same as 
for the prev ious a l loys , the hot top was reduced f rom about 5. 8 to 2. 8 lb . The mel t ing 
and pouring p rac t i ce employed cons i s ted of (1) heat ing the major elem.ents to 3000 F and 
holding for 10 min , (2) lowering the t e m p e r a t u r e of the m e l t to 2750 F and making the 
minor elem.ent addi t ions , and (3) pour ing the m e l t at 2750 F . As a r e s u l t of the h igher 
pouring t e m p e r a t u r e , the buildup of m e t a l on the cruc ib le wall was not iceably reduced. 

The same mel t ing s tocks a s w e r e used in the f i r s t s e r i e s of a l loys w e r e employed 
with the exception of t i tan ium. High-pur i ty sponge t i tan ium was subst i tuted for the un­
alloyed s c r ap . In addition, the cobalt included in AUoys 22 through 24 cons is ted of 99 .5 
w / o pur i ty cobalt . Exac t ly the s a m e charging p r o c e d u r e was used , with the cobalt being 
added to the n i c k e l - c h r o m i u m m i x t u r e . 

The intended v e r s u s the ac tua l connposition (in pa ren theses ) of s eve ra l of the alloys 
is shown in Table 17. In genera l , the r e c o v e r i e s were in good a g r e e m e n t with the in­
tended composi t ion. However , m a n g a n e s e r e c o v e r i e s w e r e somewhat lower than ant ic i ­
pated. The r e a s o n s for the high carbon content of Alloy 16 and the high n i t rogen content 
of Alloy 24 a r e unknown. The composi t ions of Alloys 23 and 24 a r e e s sen t i a l ly identical. 
This explains the s imi l a r c o r r o s i o n behavior to be d i scus sed l a t e r . However , because 
of th i s , no c o r r o s i o n r e s u l t s w e r e obtained for the intended composi t ion of Alloy 23. 



TABLE 17. CHEMICAL COMPOSITION OF SELECTED ALLOYS FROM THE SECOND SERIES 

Chemical CompositionC^)^ w/o 
Alloy C N Ni Cr Mo Co Fe Cu Ti Mn Si 

16 0.02 — 45 22 9 — 21 1 1 0.6 0.4 
(21.8) (9.6) (1.0) (0.97) (0.25) (0.57) 

20 0.02 -- 50 

21 0.02 — 50 

(0,07) 

0.02 
(<0.01) 

0.02 
(<0.01) 

0.02 
(0.006) 

0.02 
(0.012) 

(0.008) 

— 
(0.074) 

. . 
(0.009) 

— 
(0.013) 

__ 
(0.015) 

22 0.02 — 25 

23 0.02 — 25 

25 
(24.7) 

25 
(24. 7) 

22 
(21.6) 

25 
(24.6) 

6 
(6.4) 

1.5 
(1.4) 

6 
(5.4) 

9 
(8.5) 

— 

— 

25 
(24.1) 

25 
(M.8) 

16 

18.5 

20 
(20.8) 

14 
(15.9) 

1 
(0.9) 

3 
(2.6) 

. -

__ 

1 
(0.97) 

1 
(0. 97) 

1 

1 

0.6 
(0.27) 

0.6 
(0.27) 

0.6 

0.6 

0.4 
(0.51) 

0.4 
(0.54) 

0.4 

0.4 

4^ 

24 0.02 — 25 25 9 25 14 — 1 0,6 0.4 
(0.01) (0.12) (24.3) (8.6) (25.5) (0.82) (0.36) (0.54) 

(a) Parentheses indicate actual analyses, all others intended values. 
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Radiographic inspect ion of the ingots showed pipe extending 1-1/4 to 2 in. into the 
ingot. Only the sound por t ions of the ingots w e r e forged. 

F a b r i c a t i o n 

Forg ing 

The forging t e m p e r a t u r e s given in Table 18 w e r e de te rmined f rom p r e l i m i n a r y 
studies conducted on the smal l pilot ingots of the a l loys . The ma in ingots of the al loys 
of this s e r i e s w e r e p r e p a r e d for the forging opera t ion in t h r e e different ways . Alloy 23 
was heated in a Globar furnace f rom room t e m p e r a t u r e to the forging t e m p e r a t u r e , hot 
ground to improve the sur face , and p laced in the furnace for subsequent forging, 
AUoys 13, 14, 15, 16, and 21 w e r e p laced in a Globar furnace at 1600 F , al lowed to 
heat to 1600 F , hot ground, and p laced in a gas - f i r ed furnace at the forging t e m p e r a t u r e . 
AUoys 17, 18, 19, 20, 22, and 24 w e r e p laced in a gas - f i r ed furnace at the forging 
t e m p e r a t u r e , hot ground, and r e t u r n e d to the furnace again. All of the ingots w e r e 
allowed to heat for about 1 h r at the forging t e m p e r a t u r e before they w e r e forged to 
about 3 / 4 - i n . - t h i c k s labs and wa te r quenched. 

In genera l , the forging behavior of the a l loys , a s indicated in Table 18, was v e r y 
good. However , in the case of Alloys 20 and 21, t he re was evidence of some hot c r a c k s 
during forging at t e m p e r a t u r e s above 2100 F ; t he r e fo r e , a forging t e m p e r a t u r e of 2050 F 
is r ecommended for these a l loys . The poo re s t behavior was exhibited by Alloys 23 and 
24, which developed m o d e r a t e edge and c o r n e r c r a c k s . 

Hot Rolling 

Slabs of the a l loys w e r e cut f rom the forged ingots and w e r e pickled in the same 
solution a s p rev ious ly ment ioned, p r i o r to hot rol l ing. The rol l ing t e m p e r a t u r e s given 
in Table 18 were de t e rmined by hot rol l ing the forged pi lot - ingot s labs f i r s t . The ma in 
ingots were ro l led in one d i rec t ion to 1/8-in. - th ick s t r ip and allowed to a i r cool after 
the l a s t reduct ion. As indicated in Table 18, the rol l ing behavior of the a l loys was 
essen t ia l ly the same as the i r forging behavior . The t e m p e r a t u r e s used for Alloys 20 
and 21 resu l t ed in hot c r a c k s , so a t e m p e r a t u r e of 2050 F i s a lso r ecommended for hot 
rol l ing. AUoys 23 and 24 again d e m o n s t r a t e d the poo re s t fabr icabi l i ty . 

Annealing 

On the b a s i s of the r e s u l t s of the extensive annealing study pe r fo rmed on the f i r s t 
s e r i e s of a l loys , a solut ion-anneal ing t e m p e r a t u r e of 2050 F was se lec ted for al l of the 
a l loys . The ho t - ro l l ed al loys w e r e annealed 1 h r at th is t e m p e r a t u r e and wa te r quenched. 
AUoys 15, 16, 23, and 24 w e r e given an addit ional anneal for 1 h r at 2200 F and wate r 
quenched in an a t tempt to d issolve m o r e of the second phase p r e s e n t . 



Alloy 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Ni 

45 
4 5 
45 
45 
50 
50 
50 
50 
50 
25 
25 
25 

TABLE 18. 

C r 

22 
22 
22 
22 
25 
25 
25 
25 
25 
22 
25 
25 

FORGING AND ROLLING TEMPERATURE AND FABRICATION BEHAVIOR 
OF THE SECOND SERIES OF EXPERIMENTAL ALLOYS 

AdditionC^-) ^ w 
M o 

1.5 
4 . 5 
9 
9 
1.5 
4 . 5 
6 
6 
1.5 
6 
9 
9 

C o 

__ 

— 
_« 
— 
- -
__ 
- -
— 
__ 

25 
25 
25 

•lo 
C u 

__ 

- -
- -

1 
- -
- -
- -

1 
3 

— 
— 
__ 

F e 

29 .5 
26 .5 
22 
21 
21 .5 
18.5 
17 
16 
18.5 
20 
14 
14 

Forging 
Tempera tu re^ F 

2125 
2125 
2125 
2125 
2175 
2175 
2175 
2175 
2125 
2175 
2200 
2175 

Formab i l i t y 

Very good 
Very good 
Very good 
Very good 
Very good 
Very good 
Very good 

Good 
Good 

Very good 
F a i r 
F a i r 

Hot Rolling 
T e m p e r a t u r e , 

2150 
2150 
2150 
2100 
2150 
2200 
2200 
2100 
2100 
2150 
2200 
2200 

F 

-(b) 
Fo rmab i l i t y 

Very good 
Very good 
Very good 
Very good 
Very good ^ 
Very good "̂  
Very good 

Good 
Good 

Very good 
F a i r 
F a i r 

(a) Base alloy contained 1 w/o titanium, 0.6 w/o manganese, 0.4 w/o silicon, and 0.02 w/o carton. Additions shown are intended values. 
(b) Alloys reheated to rolling temperature after each roll pass. 
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H a r d n e s s data for the so lu t ion-annealed al loys a r e given, in Table 19. Genera l ob­
se rva t ions that can be made a r e (1) i nc r ea s ing molybdenum f rom 1. 5 to 9 w / o r e su l t ed 
in i n c r e a s e d h a r d n e s s , (2) subst i tut ing 25 w / o cobalt for the same amount of n icke l in­
c r e a s e d the h a r d n e s s , and (3) adding copper apparen t ly did not affect the h a r d n e s s . 
Dens i t i es of these al loys as m e a s u r e d in the ho t - ro l l ed , annealed condition by w a t e r d i s ­
p lacement for c o r r o s i o n p u r p o s e s a r e a l so shown in Table 19. 

Meta l lographic Examinat ion 

MetaUographic examinat ion of the lo lut ion-annealed m a t e r i a l s showed a genera l ly 
f ine-gra ined s t r u c t u r e and r andomly d i s p e r s e d mino r p h a s e s . In genera l , the amo\mt of 
undissolved mino r phases was sl ight , with the exception of Alloys 23 and 24, in which a 
l a r g e amount of undissolved mino r phase o c c u r r e d . The m i c r o s t r u c t u r e s of two of the 
alloys of the second s e r i e s and of v a c u u m - m e l t e d Has te l loy F Heat FV 123 a r e shown in 
F i g u r e 17. The same me ta l log raph ic p r o c e d u r e was used a s desc r ibed p rev ious ly for the 
f i r s t s e r i e s of a l loys . The m i c r o s t r u c t u r e of Alloy 20 i s typical for the al loys (13, 14, 
17, 18, 19, 21 , and 22) containing sma l l amounts of undissolved minor p h a s e s , and that 
of Alloy 24 i s a l so r e p r e s e n t a t i v e of Alloy 23. Alloys 15 and 16 contained m o r e p r e c i p i ­
ta ted phase than that shown for Alloy 20, but much l e s s than that for Alloy 24. 

Allocation of Str ip and Desc r ip t ion of Welding P r o c e d u r e 

As with the f i r s t s e r i e s , p i eces weighing approximate ly 1 lb each of Alloys 13 
through 24 w e r e shipped to HAPO for co r ro s ion evaluat ions at that s i te . Since only the 
self-welded m a t e r i a l s were of i n t e r e s t , only th i s type of c o r r o s i o n spec imen was made 
at BMI f rom the second s e r i e s of expe r imen ta l a l loys . 

Welding was c a r r i e d out in much the same manne r as for the f i r s t s e r i e s . P i e c e s 
1-1/4 by 7 in. , cut side by side (where poss ible) f rom the annealed s t r i p , w e r e gr i t 
b las ted , ground for a V-joint of about a 70-deg included angle , pickled, and butt welded 
together . The f i l ler m e t a l s w e r e shea red s t r i p s of the b a s i s a l loys cleaned in the same 
manne r . An argon flow ra t e of 10 ft^ p e r h r was used in the backup, and 14 ft3 p e r h r 
was used through the to rch , A c u r r e n t of 60 amp at between 12 and 15 v was used . 

Radiographic and meta l lograph ic examinat ions showed the weldments to be sound 
and uncontaminated. All of the al loys welded in a sa t i s fac tory m a n n e r . The weldments 
of the cobal t -containing compos i t ions , AUoys 22 through 24, w e r e coated with pu rp l e -
violet f i lms . These w e r e no longer vis ible when co r ro s ion spec imens w e r e machined 
f rom the welded s t r i p s . 
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TABLE 19. HARDNESS OF EXPERIMENTAL ALLOYS OF THE SECOND SERIES 
SOLUTION ANNEALED 1 HR AND WATER QUENCHED 

Alloy 

13 
14 
15 
16 

17 
18 

19 
20 
21 
22 
23 
24 

Ni 

45 
45 
45 
45 
50 
50 
50 
50 
50 
25 
25 
25 

Nominal Compos 

Cr 

22 
22 
22 
22 

25 
25 
25 
25 
25 
22 
25 
25 

Mo 

1.5 
4.5 

9 

9 
1.5 
4,5 
6 
6 
1.5 
6 

9 
9 

3ition(^), 

Co 

^^ 
— 
__ 
__ 

__ 
_-

--
--
__ 

25 
25 
25 

w/o 

Cu 

__ 

__ 
__ 

1 
__ 
__ 
__ 

1 
3 
— 
__ 
__ 

Fe 

29.5 
26.5 
22 
21 
21.5 
18.5 

17 
16 
18,5 
20 
14 
14 

Annealing 

Temperature^ F 

2050 
2050 
2200̂ *=) 
2200(c) 

2050 
2050 
2050 
2050 
2050 
2050 
2200̂ *̂ ) 
2200(c) 

Rockwell B 
Hardness 

68.0 
77.5 
83.5 
83.5 
72.5 
77,0 
8Z,0 
79,5 
72.0 
82.0 
98.5 
96,0 

Density^, 
g per cm^ 

8.08 
8. 12 
8.20 
8.20 

8.07 
8. 12 
8, 12 
8. 16 

8,09 
8.30 
8.24 
8.26 

(a) Base alloy contains 1 w/o titanium, 0.6 w/o manganese, 0,4 w/o silicon, and 0,02 w/o carbon., 
(b) Determined by the water-displacement methal, 
(c) Annealed 1 ht at 2050 F plus 1 hr at 2200 F, 
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c. Hastelloy F (Heat 

FV 123) 

HGUrc 17. MICROSTRUCTURES OF TWO SOLUTION-ANNEALED EXPERIMENTAL NICKEL-BASE ALLOYS OF THE SECOND 
SERIES AND OF HASTELLOY F 
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Corrosion Studies of Self-Welded Specimeas 

Sulfex Studies 

The Sulfex studies were conducted with aerated solutions in. the same manner as 
used for the self-welded specimens of the first ser ies . The corrosion rates are given 
in Table 20, the averaged rates for submerged specimens are shown in Figure 18, and 
the after-exposure appearance of representative submerged specimens is shown in 
Figure 19. During the third 24-hour exposure period the aeration was accidently 
stopped for 15 hr . Consequently, the rates for most specimens during this period were 
somewhat lower than during the other periods. 

Both of the submerged specimens of Alloy 13 had abnormally high corrosion rates 
during the first exposure period, as did one submerged specimen of AUoy 17. For the 
remainder of the periods the rates for these specimens fell within the normal range. 
This may indicate that borderline conditions of normal and extreme corrosion exist for 
these alloys even in the aerated Siilfex solutions. Both of these alloys contained only 
1. 5 w/o molybdenum with no copper. Aside from, these two aUoys, none of the other 
alloys was selectively attacked at the weldments or in heat-affected zones. 

With tiie exception of Alloys 23 and 24, the remaining alloys could all be grouped 
in the range of 9 to 17 mils per month. While these rates are slightly lower than those 
of the first group upon similar exposure, the difference is not great and may be 
accounted for, in part , by the lack of aeration during the third exposure period. All of 
the subinerged specimens were actively corroding during each period while the attack 
by the vapor phase was, for flie most part , negligible. 

Alloys 23 and 24 showed exceptional resistance to the aerated boiling Sulfex solu­
tion. All of the specimens were rotated into different flask and condenser systems upon 
each period of exposure, so this is not a case of lack of aeration. AUoy Z2 with 3 w/o 
less chromium and a much lower molybdenum content did not show this exceptional 
resistance. 

Cross sections of submerged specimens of Alloys 19, 20, and 21 showing the 
absence of selective attack are presented in Figure 20. 

Niflex Studies 

The results of the Niflex corrosion studies, conducted in the same manner as used 
for the first ser ies of alloys are given in Table 21. The corrosion rates and appear­
ance of individual specimens are shown in Figures 21 and 22. 

It can be seen from Table 21 that aU of the alloys had high corrosion rates in tfie 
Niflex solutions. However, in the case of AUoys 18, 19, and 20, the rates were signifi­
cantly lower than those obtained with the first ser ies . In all but a few isolated instances, 
the rates for the submerged specimens were greater than those for the corresponding 
specimens exposed to the vapor phase. However, the corrosion rates in the vapor were 
substantial. 
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TABLE 20. CORROSION RATES OF SELF-WELDED SPECIMENS OF THE SECOND SERIES OF EXPffilMENTAL 
ALLOYS UPON EXPOSURE TO AERATED, BOILING SULFEX SOLUTION^^^ 

Alloy and 
Filler 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

Hastelloy 

F 

(unwelded) 

Specimen 
Position 

Vapor 

Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 

Liquid 

Vapor 
Liquid 

Vapor 

Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

First 

3 . 4 

287 . 

0 -̂  

1 7 . 

0 . 1 

2 3 . 

0 . 1 

19 . 

3 . 6 
3 6 0 . 

0 . 4 

2 3 . 

0 . 1 

14. 

0 .2 

2 1 . 

0 . 2 

1 5 . 

0 . 1 

2 3 . 

0 .0 
0 .4 

0 . 1 
0 . 4 

0 . 5 
7 .4 

3 .0 
289 . 

1.4 

1 4 . 

0 . 1 
2 2 . 

0 . 1 

1 8 . 

3 .0 

3 9 . 

0 .7 
2 2 . 

0 .2 
14. 

0 .2 

2 1 . 

0 . 2 
14. 

0 . 1 

2 2 . 

0 . 1 
0 .4 

0 .0 
0 . 4 

0 .4 

7.7 

Corrosion Rate Each 24-Hr Period, mils 

Second 

1.2 

2 0 . 

0 . 5 

6.7 

0 .0 

2 1 . 

0 ,0 

1 3 . 

0 .3 

1 1 . 

0 .0 
10 , 

1.0 

1 1 . 

0 .0 

12 . 

0 .0 

10 . 

0 , 4 

7 .6 

0 .0 

0 .4 

0 .2 
0 .4 

0 . 1 

17. 

1.4 

1 8 . 

0 . 1 

6 .8 

0 .0 
1 9 . 

0 .2 

1 2 . 

0 . 4 

3 .8 

g^^) 
1 1 . 

0 . 9 

1 1 . 

0 .0 

12 . 

0 .0 

10. 

0 .3 
7 .8 

0.0 
0 .4 

0 . 1 
0 . 4 

0 . 1 
14 . 

#i_% 

Third^"^ 

0 .7 
1 1 . 

0 . 4 

9 .8 

0 .0 
6 .9 

0 . 3 

9 .7 

0 . 5 

9 .3 

0 , 1 

6 . 5 

0 . 4 

6 .0 

0 . 2 

8 .6 

0 . 5 
8 .4 

0 ,3 

7 .7 

1.0 

0 .2 

0 .7 
0 .3 

0.7 
8 .5 

0 .6 
12 . 

0 . 4 

9 .6 

0 . 5 
6 .3 

0 .3 
1 1 , 

0 ,8 
4 . 1 

0 . 4 

6 . 5 

0 . 6 
5 .9 

0 . 3 

8 .8 

0 . 6 
7 .9 

0 .3 
8 .4 

0 .0 

0 .2 

0 .2 
0 .2 

0 .8 

8 . 5 

per month 

Fourth 

0 .8 
10 . 

0 . 5 

1 5 . 

0 . 4 
1 4 . 

0 . 1 

2 1 . 

0 .7 
8.0 

0 ,0 

2 1 . 

1.9 
7 . 5 

0 .0 
12 . 

0 . 4 

12 . 

0 .0 

9 . 1 

0 .0 

0 .2 

0 .3 
0.0 

0 .4 

15 . 

0 .8 

12 . 

0 .6 

14 . 

0.0 
1 4 . 

0 . 1 

2 1 . 

0 .6 
4 . 1 

0.0 

2 1 , 

1.9 
7 . 4 

0 .0 
12 . 

0 . 4 

1 1 . 

0 .6 
10 . 

0.0 

0 .2 

0 , 1 

0.2 

0 .5 
15 . 

Fifth 

1.4 

1 2 . 

0 .7 

8 .8 

0.0 

2 1 . 

0 .0 

1 8 . 

0.0 

2 1 . 

g 
1 5 . 

0 . 5 

8.8 

0 .0 

12 . 

0 . 3 
8 .5 

g 
10 . 

0 .0 

0 ,2 

0.0 
0.2 

0 .0 

1 5 . 

0 .2 

12 . 

0 .8 

9 .0 

0 . 1 
2 0 . 

0.0 

1 7 . 

0.0 

1 1 . 

0 .0 

1 5 . 

0 . 6 

8.0 

0 .0 

12 , 

0 .3 
8 .5 

0.4 

10 . 

0,0 

0.2 

0.0 

0 . 1 

0.0 
14 . 

Liquid 

Average 

68 .3 

1 1 . 1 

16 .7 

16 .0 

4 7 . 1 

1 5 . 1 

9 .36 

13 .1 

10 ,5 

11.6 

0.28 

0.26 

12.2 

(a) Solution composition: 3.5 M H^SO^ in which 20 g per liter of Type 304 ELC stainless steel was dissolved. Solutions were 
aerated with cylinder air at the rate of 0.5 ml of air per ml of solution per min. 

(b) Aeration was accidently stopped during this period. Aeration proceeded for only 9 hr. 
(c) g indicates a small gain in weight. 
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FIGURE 18. CORROSION OF SELF-WELDED SECOND SERIES OF EXPERIMENTAL ALLOYS UPON EXPOSURE 
TO SULFEX SOLUTION 

Specimens w e r e submerged in a e r a t e d boiling solut ions. Average r a t e s for duplicate spec imens for 
each 24-hr pe r iod a r e shown. Arrow indica tes ove r - a l l a v e r a g e . Aerat ion o c c u r r e d during only 9 
h r of the t h i rd Z4-hr pe r iod . 
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FIGURE 19. SELF-WELDED SPECIMENS OF THE SECOND SERIES OF EXPERIMENTAL ALLOYS AFTER EXPOSURE TO 
SULFEX SOLUTION 

Specimens were submerged m aerated (0.5 ml of air per ml of solution per mm) boihng solutions. 
Corrosion rates, given m mils per month, are average values for duplicate specimens exposed 
over five 24-hr penods. 
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70X a. 

0 

Alloy 19 cmo 

-#'C"P 

70X b. Alloy 20 C1109 

70X c. Alloy 21 C1108 

WIGURE 20. CROSS SECTIONS OF SUBKffiRGED, SELF-WELDED SPEQMENS SHOWING WELDMENT AND BASIS METAL 
AFTER EXPOSURE TO SULFEX SOLUTION 

None of these three alloys was selectively attacked. 
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TABLE 21 . CORROSION RATES OF SELF-WELDED SPECIMENS OF THE SECOND SERIES OF EXPKIMENTAL 

ALLOYS UPON EXTOSURE TO BOILING NffLEX SOLUTION^^^ 

Alloy and 

Filler 

13 

14 

15 

16 

17 

18 

li 

20 

21 

22 

23 

24 

Hastelioy 

F 
(unwelded) 

Specimen 

Position 

Vapor 

Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 

Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

Vapor 
Liquid 

61 

133 

33 
61 

30 

32 

32 

32 

27 

63 

29 

30 

21 

26 

15 

23 

18 

47 

30 
62 

2 1 
34 

22 
34 

34 

40 

First 

160 

102 

34 

63 

27 

3 1 

29 
32 

68 

45 

23 
33 

20 

26 

38 

23 

21 

48 

50 

62 

22 
34 

19 

36 

34 

40 

Corrosion Rate Each 24- t t : Period 

Second 

161 

108 

35 
59 

34 

33 

34 

35 

84 

47 

23 

31 

30 
24 

19 

23 

16 

37 

41 

60 

32 

59 

32 
54 

51 
47 

117 

117 

39 

59 

36 

33 

32 

36 

73 

49 

27 
30 

29 

27 

25 

22 

26 

36 

38 

61 

25 

56 

42 

59 

49 
48 

TMro 

126 

123 

31 
60 

36 
34 

46 
35 

76 

55 

72 

27 

20 

27 

17 
21 

22 

33 

56 
60 

33 

63 

38 

58 

64 

69 

58 

127 

69 

56 

29 

35 

43 

38 

74 

50 

37 
27 

21 
24 

17 

18 

22 

37 

45 
63 

3 1 
64 

27 
65 

64 

71 

mils per 

Fourth 

96 
125 

37 
58 

34 

34 

42 

38 

20 
49 

47 
30 

31 
27 

19 

23 

28 

35 

55 

58 

40 

62 

35 

58 

71 
101 

month 

99 
120 

53 

56 

27 
34 

30 

36 

24 
54 

32 

30 

19 

26 

15 

26 

20 

33 

48 

58 

29 

63 

45 

59 

54 

99 

Fifth 

148 

108 

19 

38 

27 
34 

38 

37 

49 

50 

18 

30 

20 
27 

25 
22 

27 

43 

33 
57 

34 

60 

30 

55 

86 
121 

98 

118 

28 
56 

30 
34 

37 

36 

35 

53 

51 

27 

33 
22 

18 
22 

23 

35 

29 

55 

34 

61 

52 

53 

38 
124 

Liquid 

Average 

118 .1 

56 .5 

3 3 . 4 

3 5 . 4 

6 1 . 5 

2 9 . 5 

25 .6 

22 .3 

3 8 . 4 

59 .6 

55.C 

5 3 . 1 

7G.0 

(a) Solution composition: 1.0 M HNO3, 2.0 M HF. 
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. CORROSION OF SELF-WELDED SECOND SERIES OF EXPERIMENTAL ALLOYS UPON EXPOSURE 
TO NIFLEX SOLUTION 

Specimens were submerged in nonaera ted boiling solut ions . Average r a t e s for duplicate specimens 
for each 24-hr per iod a r e shown. Ar rows indicate ove r - a l l ave rage . 
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FIGURE 22, SELF-WELDED SPECIMENS OF THE SECOND SffilES OF EXPERIMENTAL ALLOYS AFTER EXPOSURE TO 
NIFLEX SOLUTION 

Specimens were submerged in nonaerated boiling solutions. Corrosion rates, given m mils per month, 
are average values for duplicate specimens exposed over five 24-hr periods. 
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It is evident from Figure 22 that the weldments of Alloys 23 and 24 — the two alloys 
that performed so well in Sulfex solutions — were severely attacked by the Niflex expo-
sure« In factj these weldments were penetrated by the end of five exposure periods. 

While there was no evidence of selective attack in the heat-affected areas of the 
basis metals , except for a slight indication on Alloys 15, 16^ 23, and 24, most of the 
weldments were preferentially attacked^ The only aUoys of the second series which did 
not appear to be selectively attacked at the weldments were AUoys 18, 19, and 20. Cross 
sections of the submerged specimens of Alloys 19 and 20, which showed practically no 
selective attack, and of AUoy 21, which was selectively attacked to a slight extent, but 
which was also chosen for one of the la rger heats as will be mentioned, are shown in 
Figure 23. 

CONCLUSIONS AND RECOMMENDATIONS BASED ON THE 
TWO SERIES OF EXPERIMENTAL ALLOYS 

As previously indicated, the research was initially directed toward developing a 
welding alloy for use with vacuum-melted HasteUoy F . However, as the program pro­
gressed, it became evident that development of a corrosion-resistant welding alloy would 
not insure satisfactory performance life of HasteUoy F vessels , since this material was 
highly susceptible to severe intergranular penetration in the heat-affected zones adjacent 
to the weldment. On the other hand, the data suggested that several of the original ex­
perimental compositions exhibited corrosion and welding properties which were superior 
to those of existing container mater ia ls . In view of this, a major effort was then 
directed toward finding new weldable container mater ials . In subsequent research, 
several ciUoy compositions were developed which seem to exhibit no tendency toward 
selective attack, either in the weldments or in the heat-affected zones, and to have signi­
ficantly better general resistance to Niflex decladding solutions than vacuum-melted 
Hastelioy F . 

In a program limited to 24 experimental aUoys, complete assurance that the opti­
mum alloy has been created cannot be expected to emerge. However, sufficient experi­
mental results have been gathered to give strong indications of preferred alloy 
compositions. 

For example, it seems clear that niobitim additions lower the resistance of the 
nickel-base alloys to selective attack by Niflex solutions. Similar results also were 
found for cobalt additions of the order of 25 w/o. 

The most promising alloy compositions are those of the 45 w/o nickel-22 w/o 
chromium-1 w/o titanium group and the 50 w/o nickel-25 w/o chromitim-1 w/o titanium 
group with varying amounts of copper and molybdenum. 

The compositional variables, together with the corrosion rates , for these two 
groups are shown in Table 22 and are plotted in Figures 24 and 25. The curves indicate 
that about 6 w/o molybdenum is necessary for maximtim resistance. Copper additions 
significantly improved the resistance of these alloys when the molybdenuna content was 
less than 6 w/o but had little effect at higher concentrations. Increasing the nickel from 
45 to 50 w/o and the chromium from 21 to 25 w/o also significantly improved the 
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70X Alloy 19 C l l l l 

70X b . Alloy 20 cm2 

70X c. Alloy 21 C1113 

FIGURE 23. CROSS SECTIONS OF SUBMERGED, SELF-WELDED SPEQMENS SHOWING WELDMENT AND BASIS METAL 
AFTER EXPOSURE TO NIFLEX SOLUTION 

Only Alloy 21, of these three alloys, was selectively attacked. 
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E F F E C T OF COPPER AND MOLYBDENUM CONTENTS ON THE CORROSION RATES OF SELF-WELDED, 
SUBMERGED SPECIMENS FROM THE 45 w/o NICKEL-22 w / o CHROMIUM-1 w/o TITANIUM GROUP OF 
ALLOYS 

Rates plotted a r e averaged values for duplicate spec imens over five 24-hr e3cposure p e r i o d s . 
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-Boiling Niflex 
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Aerated, Boiling Sulfex 
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FIGURE 25. E F F E C T OF COPPER AND MOLYBDENUM CONTENTS ON THE 
CORROSION RATES OF S E L F - W E L D E D , SUBMERGED 
SPECIMENS FROM THE 50 w / o NICKEL-25 w/o CHROMIUM-
1 w / o TITANIUM GROUP OF ALLOYS 

Rates plotted a re averaged values for duplicate spec imens over 
five 24-hr exposure p e r i o d s . 
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c o r r o s i o n r e s i s t a n c e . It would appea r that , among the composi t ions studied. Alloys 19 
and 20 w e r e op t imum. F u r t h e r improvemen t might be obtained if the chromitnn and 
nickel contents w e r e i n c r e a s e d a s fa r a s i s poss ib le without impai r ing workabi l i ty . 

TABLE 22. INFLUENCE OF COPPER AND MOLYBDENUM CONTENT ON THE 
CORROSION RATES OF SUBMERGED, SELF-WELDED SPECIMENS 

Alloy 
C o m p o s i t i o n ^ ) , w /o 

Molybdenum Copper 

Cor ros ion Ra te ' ' , m i l s 
pe r monQi 

Sulfex Niflex 

45 w / o Nicke l -22 w / o C h r o m i u m - 1 w/o Titanium Group 

13 
6 

14 
4 

11 
15 
16 

17 
21 
18 
19 
20 

1. 5 
3 
4. 5 
6 
6 
9 
9 

2 

1 

68 .3 
17. 8 
11. 1 
17. 1 
20. 5 
16.7 
16.0 

118. 1 
60.6 
56. 5 
40,6 
37. 3 
33. 4 
35. 4 

50 w/o Nickel -25 w/o C h r o m i u m - 1 w/o Titanium Group 

1.5 
1.5 
4 .5 
6 
6 1 

47. 1 
10, 5 
15. 1 
9.36 

13. 1 

51.5 
38. 4 
29.5 
25,6 
22. 3 

(a) Base composition includes 0.6 w/o manganese, 0.4 w/o silicon, 0.02 w/o carbon, balance iron. 
(b) Averaged corrosion rates for duplicate specimens over five 24-hr exposure periods. 

Recommended composi t ional l i m i t s for the mos t p romis ing al loys a r e shown in 
Table 23. B a s e d on p rev ious inci t ing exper ience no difficulties would be expected in 
holding these l i m i t s by c o m m e r c i a l vacuum-me l t i ng p r a c t i c e . 

TABLE 23. SUGGESTED COMPOSITIONAL LIMITS FOR THE MOST PROMISING 
OF THE EXPERIMENTAL ALLOYS 

Composi t ion (Balance Nickel)(^) , w/o 
Alloy Cr Mo Cu Si Mn T i Fe 

19 24-26 5 . 5 - 6 . 5 - - 0. 02 max 0 . 3 - 0 , 5 0 . 3 - 0 . 5 0 . 5 - 1 . 0 17 max 

20 24-26 5 . 5 - 6 . 5 0 . 9 - 1 . 1 0, 02 max 0 . 3 - 0 . 5 0 . 3 - 0 . 5 0, 5 - L O 16 max 

21 24-26 1 .0 -2 .0 2 , 8 - 3 . 2 0. 02 max 0 . 3 - 0 . 5 0 , 3 - 0 . 5 0 . 5 - 1 . 0 18. 5 max 

4 21-23 5 . 5 - 6 . 5 - - 0. 02 max 0 . 3 - 0 . 5 0 . 3 - 0 . 5 0 . 5 - 1 . 0 26 max 

11 21-23 5 . 5 - 6 . 5 1 . 8 - 2 . 4 0. 02 max 0 . 3 - 0 . 5 0 . 3 - 0 . 5 0 . 5 - 1 . 0 23 max 
(a) Maximum phosphorus and sulfur: 0, 01 w/o. 
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Quanti t ies of Alloys 4, 11, 20, and 21 in the 35-lb range have been furnished to 
HAPO for fu r ther eva lua t ions . All four of these a l loys forged and rol led v e r y wel l , ex­
hibiting no significant d i f ferences when worked in these l a r g e r h e a t s . If, a s expected, 
the r e s u l t s of t h e s e evaluat ions b e a r out the conclus ions d rawn f rom the p r e s e n t r e ­
sea rch , e spec ia l ly when the u s e of these a l loys is extended to o ther decladding p r o c ­
e s s e s , a fu r ther development p r o g r a m m a y be d e s i r a b l e . In th is p r o g r a m , h igher con--
ten ts of chromixim and n ickel with ba lanced amounts of copper , m.olybden\im, and t i tan ium 
could be surveyed to e s t ab l i sh the optimtim al loy f rom the standpoint of co r ro s ion r e ­
s is tance and forgeabi l i ty . 
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