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FQ R E  WQ R D  

t 

The corrosion data reported herein are an extension of  the data given in the com- 
panion report lnterim Report on Corrosion by Alkali-Metal Fluorides: Work to May 1 ,  1953 
(ORNL-2337) but concern zirconium fluoride-base mixtures, principally fluoride 30. The 
companion report should be used in conjunction with this one for background information, 
which w i l l  not be repeated here. The period covered by this report is  approximately from 
July 1952 to June 1956. 
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procedure or by the addition o f  reducing agents, 
w i l l  provide reduced depths of attack. The UF, 
has only a limited solubility in zirconium fluoride- 
base mixtures, so a l l  the uranium cannot be 
present in the trivalent form. These mixtures are 
di f f icul t  to control during production, and dis- 
proportionation of  the UF, may occur, causing the 
formation of hot-leg deposits. 

While Inconel i s  an acceptable material for 
present reactors, i t  w i l l  not be adequate for 
future larger reactors. With zirconium fluoride- 
base fluoride mixtures at 15OO0F, niobium, mo- 
lybdenum, and Hastelloy B show promise as 
future reactor materials. Some reduction in depth 
of  attack may be obtained in al loys similar to 
Inconel but with reduced chromium concentration. 
The stainless steels did not plug with these 
fluoride mixtures, as they did in the case o f  the 
alkali-metal-base fluoride mixtures, but they s t i l l  
are not as good as Inconel. 

The addition of  UF, to alkali-metal-base fluoride 
mixtures also resulted in a reduction in depth of 
attack in Inconel loops. The solubility o f  UF, 
i s  higher in this system, but mixtures of  UF, 
and UF, were s t i l l  necessary. While this mixture 
shows promise for future use, production and 
disproportionation problems remain to be solved. 

E X P  ER IMEN TAL METHODS 

E qu ipm en t 

Most of the loops used for this study were 
slightly modified from those originally de- 
veloped; ’ the modifications are discussed in 
detail below (“LOOP Size and Shape”). The 
expansion pot was replaced by a length o f  pipe of 
the same size as that used for the loop itself. 
The f i l l  l ine and spark plug probe entered the 
sides o f  this pipe through Swagelok fittings. A 
typical loop i s  shown in Fig. 1. Most of the loops 
were constructed from IPS %-in. sched-10 pipe, 
but, i f  this was not available, IPS i - i n .  sched-40 
pipe was used as an alternate. No changes were 
made in the auxiliary equipment. 

Procedure 

The operating procedure remained essentially 
the same as that used for the alkali-metal-fluoride 

work,’ except for the addition of  a cleaning step, 
which consisted in circulating another batch o f  
fluorides for 2 hr before the loop was f i l led with 
the test mixture. 

A l l  the molten fluorides used in this study were 
mixed and purified by the ANP Chemistry Section 
of  the Materials Chemistry Divisiona2 The 
purification procedure included treatment with 
both hydrogen fluoride and hydrogen gases at  
elevated temperature followed by a prolonged 
stripping operation with hydrogen and helium. 
During the latter part of  this study the batch size 
was increased, from 50 Ib, to 250 Ib; however, for 
handling and use, these batches were subdivided 
into 50-lb batches. The batching down was 
carried out while the mixture was molten, and the 
usual steps were taken to avoid contamination. 
Once a pot was filled, i t  was held under a posit ive 
helium pressure at a l l  times. Helium gas was 
allowed to leak to the atmosphere whenever a 
connection was made or broken. During the 
actual transfer to a loop, helium pressures were 
maintained in  both the loops and the f i l l  pot. 
The rate o f  transfer was controlled by adjusting 
the difference between these pressures. 

The l iquid level in the loop was controlled by 
the location of  the outlet from the transfer line. 
When a signal was obtained on the spark-plug 
probe, which was located above this level, the 
helium pressure in the loop was increased and 
the excess liquid was transferred back to the f i l l  
pot. After the loop reached operating temperature, 
any excess liquid resulting from expansion was 
blown back to the f i l l  pot. A sample of the 
original liquid was trapped in an enlarged section 
of  the transfer l ine for chemical analysis. 

After the loop had operated for the desired 
time, the power was turned of f  and the l iquid 
allowed to freeze in place. The loops were then 
sectioned as shown in Fig. 2. The material was 
melted out o f  the 2-in. sections in an inert-atmos- 
phere furnace; the pipe sections were sent for 
metal lographic examination, and the fluorides for 
chemical analysis. Sections lA, 2A, and 4A 
were stored in a dry box as reserve samples. 
The ends of  the other sections were covered with 
tape. The loop sections were stored for three 
months; then, i f  they had not been used, they 
were sent to salvage. 

’G. M. Adarnson, W. D. Manly, and R. S. Crouse, 
Interim Report on Corrosion by Alkali-Metal Fluorides: 
Work to May 1 ,  1953, ORNL-2337 (Mar. 20, 1959). 

2E. F. Joseph e t  al., Aircraft Nuclear Propulsion 
Fluoride Fuel Preparation Faci l i ty ,  ORNL CF-54-6- 126 
(June 1, 1954). 

2 



S
 

.- c V
 

0
 

> C
 

6 3 



UNCLASSIF IED 
O R N  L - L R - D W G  4 8 7 6 3  

SAMPLE - 
2- in .  METALLOGRAPHIC SAMPLE 

4-in. DRY-BOX SAMPLE (CHEMICAL) 

- 
2-in. METALLOGRAPHIC SAMPLE 

- 

6-in. CHEMICAL SAMPLE, SPECIAL 
LOOPS ONLY 

6-in. CHEMICAL SAMPLE, SPECIAL 
LOOPS ONLY 

- 
i 2-in. METALLOGRAPHIC SAMPLE 

5-in. DRY-BOX SAMPLE (CHEMICAL) I- 
METALLOGRAPHIC SAMPLE 

Fig. 2. Location of Metallographic and Chemical Samples. Standard loops. 
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The amount of  attack was determined by 
metal lographic examination. Uncertainties in 
the original pipes, in cleaning the surfaces after 
operation, and in determining losses from external 
oxidation prevented the use of  weight loss data. 
The depth o f  attack was determined by the depth 
of  the deepest void formation found metallographi- 
cally in a traverse o f  an entire circumference of  a 
section. Other than classifying the intensity as 
moderate, heavy, etc., no attempt was made to 
determine the amount of the attack. Typical 
sections o f  each type are shown in Fig. 3. Wall 
thicknesses were measured microscopically, and 
i t  was shown that no large, even surface removal 
type of  attack was taking place; however, small 
amounts less than the normal variation in pipe 
wall thickness would not be measurable, For 

each loop, a t  least two sections from the hottest 
area were examined to determine the maximum 
attack. 

The fluoride mixtures used in th is study are 
referred to by number, and are identified in 
Table 1. 

RESULTS AND DISCUSSION 

Fluoride 30 in lnconel Loops 

Standard Loops. - A considerable number of  
loops were operated under what were considered 
to be standard conditions. These loops circu- 
lated a zirconium fluoride mixture for 500 hr with 
a hot-leg temperature of  1500°F and a tempera- 
ture drop of  about 225OF. They fal l  into two 
general groups. The f i rst  group were operated 

UNCLASSIFIED UNCLASSIFIED 

0 * -  -E- m.. .* #- . C * r '  

IB 

*" 
c 

L 

UNCLASSIFIED 

1. .oor 

Fig, 3. Photomicrographs Illustrating Various Intensities of  Attack a s  Reported for Fluoride Corrosion. (a) 

Light; ( b )  moderate; ( c )  heavy. 250X. Reduced 29%. 
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Table 1. Composition of Molten Fluoride Mixtures 

NaF Zr F, F I uori d e " F4 
N 0. Weight % Mole % Weight % Mole % Wei gh t % Mole % 

27 10.9 4.0 16.7 46.0 72.4 50.0 

30 11.4 4.0 19.0 50.0 69.6 46.0 

31 20.1 50.0 79.9 50.0 

44 18.6 6.5 20.5 53.5 60.9 40.0 

either as preliminary loops to outl ine the problems 
to be encountered with this mixture or as control 
loops for some o f  the early studies. These loops 
were not precleaned, and close control of con- 
ditions had not yet been established. The second 
group were run as controls for later studies, and 
a l l  were precleaned. While some scatter in re- 
sults s t i l l  exists in this second group, the 
reproducibility, especially during the fluoride 
production, was much better than was found in 
the early loops. The data for the f irst group are 
tabulated in Table 2 and those for the second 
group in Table 3. 

It i s  apparent from Table 2 that a variation in  
maximum depth o f  attack from 5 to 18 mils was 
found from supposedly duplicate loops. W i t h  
many of  these loops the iron and nickel impurity 
concentrations of the original fluorides were also 
high, but the maximum depth o f  attack did not 
vary in a systematic manner with these concen- 
trations. Another cause of variation in  attack 
was an undetermined amount o f  hydrogen fluoride 
lef t  in the fluoride mixture from the purification 
process. Th i s hydrogen fluoride wou Id react 
with the loop wall, producing iron and nickel 
fluorides which in turn would reduce the chromium. 
When this group of loops were operated, no suit- 
able method was available for measuring the 
hydrogen fluoride concentration. 

When a method became available for measuring 
the hydrogen fluoride content of  the mixtures, it 
was found to be necessary to increase the 
stripping time after purification to reduce the 
hydrogen fluoride to acceptable levels. The 
control loops tabulated in Table 3 were those in 
which the control led fluoride batches were circu- 
lated. While considerable variation i s  s t i l l  
found in the maximum depths of attack, it i s  not 
as great as in Table 2. 

The loops in Table 3 are tabulated approxi- 
mately in the order in which they were f i l led or 
in order of  time. I f  this table i s  divided into 
quarters and average maximum attacks calculated 
for each quarter, it may be noted that the depths 
of  attack are higher a t  the end, that is, that the 
attack i s  gradually increasing with time. The 
average depth for the entire table was 9.1 mils, 
while the attack for the four quarters averaged 
7.0, 9.2, 9.6, and 10.5 mils, respectively. A s  a 
comparison, the average in Table 2 was 10.1 mils. 
The poorer control o f  production with the large 
batches was responsible for some of the increase 
but not for a l l  of it, since the trend was a gradual 
one. Neither the other causes of  th is gradual 
increase nor the cause of the occasional very 
deep attacks has been determined. The increased 
purging time and closer control in the second 
group have made the attack more consistent but 
have not resulted in a large average reduction in 
maximum depth of  attack. Since the average 
chromium content in the fluorides after operation 
o f  the loops in Table 2 i s  higher than after 
operation o f  those tabulated in Table 3, there 
appears also to be a reduction in  intensity o f  
attack over the entire loop with the controlled 
batches. 

In an effort to determine whether air contami- 
nation during f i l l i ng  or operation could be r e  
sponsible for the variation in attack, a series o f  
loops were operated with fluoride batches which 
had been deliberately contaminated. Loops were 
operated under three conditions: (1) with helium 
pressure only during fill ing, (2) with no protective 
atmosphere combined with a small air leak, and 
(3) with a 1-liter volume of  air bubbled through 
the batch before transfer. The loop with no 
protective atmosphere and a slow leak developed 
an attack of 21 mils in 500 hr, which was double 
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T a b l e  2. Data from Prel iminary Control Loopsa 

Fluor ide Mixture Ana lys is  o f  Fluor ide Mixture 
L o o p  Attack 

Fluor ide Batch N icke l  (ppm) Iron ( P P ~ )  Chromium (ppm) Uranium (%) 
No. Intensity Depth (mils) 

No. Before After Before After Before After Before Af ter  No. 

234 

236 

244 

245 

261b 

273 

272 

283 

280 

287 

282 

289 

295j 

2 96 

284 

310 

307 

298 

343f 

345f 

324 

326 

38 1 

387 

27 

27 

27 

27 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

44 

44 

44 

L a b  

L a b  

L a b  

d 

E E-58 

E E-59 

e 

EE-59 

EE-63 

E E-63 

d 

R- 1 l O f  

e 

EE-68 

EE-106 

EE-92 

EE-113 

EE-114 

EE-140 

EE-145 

L i g h t  

Moderate 

Moderate 

Moderate 

Moderate 

Moderate 

Moderate 

Heavy 

Heavy 

Heavy 

Moderate 

H eavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

H ea vy 

Heavy 

Heavy 

Heavy 

5 

10 

9 

12 

6 

10 

16 

15 

8 

13 

9 

8 

6 

8 

12 

9 

5 

9.5 

18 

15 

6 

7 

10 

16.5 

10 (av) 

530 

6 10 

140 

340 

< 20 

720 

1100 

85 

30 

40 

95 

145 

40 

500 

40 

90 

40 

75 

60 

40 

750 

< 20 

< 20 

< 30 

< 30 

< 20 

< 20 

<20 

60 

30 

40 

< 20 

20 

<20 

20 

< 20 

20 

< 20 

< 20 

< 20 

<20 

< 20 

(20 

< 20 

<20 

<20 

< 20 

4100 

2900 

540 

340 

86 0 

520 

740 

430 

520 

520 

620 

625 

470 

1000 

265 

235 

550 

210 

C 

65 

500 

175 

3 95 

600 

1000 

100 

100 

150 

175 

200 

100 

50 

60 

30 

60 

30 

45 

40 

50 

30 

25 

50 

45 

45 

65 

120 

90 

1460 

1070 

< 20 

75 

160 

45 

100 

< 20 

< 20 

< 20 

230 

< 20 

90 

1450 

< 20 

< 20 

100 

890 

250 

120 

250 

50 

135 

1900 

2400 

1450 

1500 

950 

1200 

1350 

28OOc 

1000 

1450 

1100 

900 

1100 

1050 

1400 

900 

1100 

1100 

15OOc 

1300 

600 

1100 

700 

700 

1190 (av) 

8.3 

7.9 

8.2 

8.4 

8.6 

8.3 

4.6 

8.6 

8.8 

8.9 

8.8 

8.8 

8.9 

9.0 

8.6 

9.0 

8.6 

9.0 

8.6 

9.0 

14.4 

14.6 

15.3 

9.2 

9.2 

9.0 

9.3 

9.0 

7.0c 
5.1 

9.7 

9.1'- 

8.9 

9.5 

9.4 

9.1 

9.2 

9.0 

8.8 

8.9 

8.9 

8.9 

9.2 

14.0c 
12.0c 
15.5c 

aAll  loops circulated a zirconium fluoride mixture for 500 h r  wi th  a hot - leg temperature o f  1500OF and a cold-leg temperature averaging 1300OF. 
bLoop treated with hydrogen. 

CConsiderable spread was found i n  the ind iv idual  values. 

dAs melted. 

eMade in  graphite. 

/Loop cleaned wi th  f luoride mixture 31. 
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Table  3. Data from Control Loops' 

I t 

Analysis o f  Fluoride Mixture Fluoride Mixture 

EE Attack 
Nickel  (ppm) Chromium (ppm) Iron ( P P ~ )  Uranium (x) H F ~  

Loop 
N ~ .  Fluoride 

Batch Intensity Depth (mils) 
No. Before After Before After Before After Before After No. 

352 
353c 
360d 
380f 
382 
383 
384 
42 1 

435 
440 
442 
444d 
46 9 
46 2 
46 3 
540 

54 5 
57 1 
554 
570 
577 
586 
607 
608 

609 
610 
651 
684 
685 
6 86 
6 98 
700 

30 
30 
30 
30 
30 
30 
30 
30 

30 
30 
30 
30 
30 
44 
44 
30 

30 
30 
30 
30 
30 
44 
44 
44 

30 
30 
30 
30 
30 
30 
30 
30 

119 
119 
119 
141 
155 
150 
150 
150 

160 
158 
155 
158 
162 
203 
203 
188- 1 

198 
232-8 
188-7 
232-8 
228- 12 
239-3 
24 1 
24 1 

223- 1 
223- 1 
513-4 
246- 1 
246- 1 
246- 1 
434- R 
246-4 

Moderate 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Moderate 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

H ea vy 

Heavy 

Heavy 

Moderate 

Heavy 

5.5 < 20 
3 < 20 
4.5 < 20 
7 < 20 

10 < 10 
9 < 10 

12 < 20 
5 < 10 

8 < 10 
9 < 10 

10 < 10 
8 120 
8 25 

10 35 
10 35 
11 10 

11 40 
5 25 

11 30 
9 20 
9 40 

12 6 
12 50 
8 25 

7.5 < 1  
11 <1  

9 10 
11 15 
14 5 
9 15 

10 9 
13 5 

9.1 (av) 

< 20 
< 20 
<20 
< 20 
<10 
< 10 
<10 
<10 

<10 
< 10 
<10 
< 10 

< 10 
< 10 

15 

< 10 
25 

<10 
25 
40 

< 10 
50 
50 

20 
20 
e 
10 
5 

10 
10 
25 

15e 

50 
50 

100 
95 
70 

115 
75 

100 

65 
60 
80 
90 
90 
35 
30 
40 

70 
55 
80 
75 
45 
50 
65 
50 

50 
50 

110 
55 
60 
80 
40 
45 

4 50 
600 
6 00 
700 
800e 
900 
950 
800 

400 
500 
800 
400 
700e 
400 
475 
520 

400 
900e 
6 00 
850 
850 
800 e 
700 
700 

e 

1000 
800 
900 
700 
775 
800 
625 

675 (av) 

110 
130 
100 
185 
65 
95 

130 
110 

40 
40 

150 
85 
55 
50 
50 
30 

65 
165 
90 
70 
85 
45 
95 
80 

145 
145 
75 

255 
30 
60 

105 
120 

60 
75 
70 
90 
90 
90 
85 

300e 

70 
60 
60 
70 
70 
45 
45 
80 

70 
e 
60 

looe 
80 
90 e 

80 
75 

40 
50 
70 
50 
40 
15 
55 
65 

8.8 
8.8 
8.7 
8.7 
8.6 
9.0 
8.4 
8.8 

8.6 
8.6 
8.5 
8.9 
8.5 

13.9 
13.2 
8.5 

9.5 
8.6 
8.5 
8.2 
8.9 

14.0 
14.0 
14.1 

8.9 
8.9 
8.3 
8.9 
8.9 
8.8 
8.6 
8.9 

9.4 
9.1 
9.0e 
8.9 
8.6 
8.5 
8.6 
8.6 

8.8 
9.2 
8.6 
9.5 
8.8 

13.7e 
13.5e 
8.6 

8.8 
8.6 
8.6 
8.8 
9.2 

13.7 
14.3 
14.1 

9.1 
8.7 
8.4 
9.1 
9.0 
9.0 
8.9 
9.1 

3.6 
3.7 

2.2 
2.1 
1.1 
3.0 

2.5 

4.6 
6.7 
0.9 
2.8 
2.5 
2.1 

1.7 

2.7 
1.2 
0.5 
0.5 
0.1 
0.1 

0.7 
0.7 
1.0 
1.2 
1.3 
1.5 
1.5 
1.9 

aAll l oops  circulated a zirconium fluoride mixture for 500 hr with a hot-leg temperature o f  15OOOF and a cold-leg temperature averaging 1300OF. 
bRelative readings on Solubridge after bubbling 2 l i ters of helium through bath and then through boric acid. 

CNo cleaning. 

dNa trap. 

=Individual results vary. 

'Curved loop. 

I D 



that found in the control loops. The other two 
loops developed maximum depths of  attack within 
the usual spread. However, in loop operation 
there i s  only a remote possibility that develop- 
ment of  a leak and failure o f  the protective gas 
system would occur simu Itaneously. 

When the gradual increase in attack became 
apparent, loops 684, 685, and 686 were filled on 
the same day from the same batch o f  fluorides. 
The operators were watched and were extremely 
careful to avoid any operation that could permit 
contamination. The attack in 500 hr in these 
loops was 11, 14, and 9 mils, respectively. 
Since a variation was s t i l l  found, these loops 
indicated that the trouble was not from careless 
operators or from the batch. Changes in the 
batches could have caused the gradual increase 
but not the wide and unpredictable variations. 
As yet, no satisfactory explanation has been 
offered for these variations. 

To i l lustrate the distribution of  attack around 
the loop and to support the procedure o f  basing 
conclusions primarily on the sample from the top 

of  the hot leg, loop 833 was sectioned in con- 
siderable detail as shown by Fig. 4; the metallo- 
graphic data from this loop are given in Table 4; 
Fig. 5 shows typical photomicrographs from the 
various loop sections. These data confirm the 
fact that the maximum attack was found at  the 
top of  the hot leg. Very l i t t l e  attack was found 
in the hot horizontal leg, and a gradual increase 
in depth was found in moving up the vertical hot  
leg. This increase was more gradual than was 
found in a similar examination of  a loop in which 
alkali-metal-base fluorides were circulated, but 
otherwise the two loops were similar.’ The 
attack depth decreased rapidly above the heated 
area, and this w i l l  be discussed in more detail 
below (“Effect o f  Temperature”). The three 
samples from under the upper hal f  of the top 
heater checked each other very we1 1. 

Operating Time. - Since thermal loops have no 
moving parts or mechanical seals, they are ideal 
for long-time operation. The l imit ing feature in 
such loops i s  the l i fe  o f  the heating elements, 
which can be replaced during operation only with 

Table  4. Metallographic Examination of Sectioned Loop 833 
~~~~~~~- -~ ~ 

Section No. Metal lograph i c Notes 

1 Heavy surface pitt ing to 0.5 mil  with heavy intergranular 

1A 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12 

subsurface voids to 12 mils 

Heavy surface pitt ing to 0.5 mil with heavy intergranular 

subsurface void formation to a depth of 11  mils 

Heavy surface pitting to 0.5 mil  with heavy intergranular 

subsurface voids to 9 mils 

Light,  shallow surface roughening 

Moderate surface pits to 0.5 mil 

Light,  shallow surface roughening 

Moderate surface pits to 0.5 mil  

Same as section 6 

Moderate to heavy general subsurface void formation to a 
maximum depth of 5 mils 

Heavy surface pitt ing to 1 mil  with intergranular subsurface 

voids to 6.5 mils 

Same as section 9 

Heavy surface pitting to 1 mil with heavy general subsurface 

voids to 3 mils 

Heavy surface pitting to a depth of 1 mil 

9 
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Fig. 4. Location of Metallographic Sections from Loop 833. 
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some difficulty. In th is program a considerable 
number o f  loops were operated for 1000 hr or 
longer. 

To determine how the maximum depth of attack 
varied with operating time, several series of 
tests were made with various fluoride batches. 
These data are tabulated in Table 5 and plotted 
in Fig. 6. As  shown on the plot, considerable 

Table  5. Effect  o f  Operating 

spread was apparent in the data; however, i f  they 
are separated into the various fluoride production 
batches, a series of nearly parallel curves i s  
found. In each case a few points do not fal l  on 
the curve; these are thought to be another ex- 
ample of the unexplained occasional wide varia- 
tions found in the control loops. 

With a l l  these curves, after about 300 hr the 
increase in  depth of attack i s  linear and i s  at  a 

Time on Corrosion Attack 

Average L r  L EE Operating Attack 
Batch 

No. 

Loop 

No. 
Time 

In tens i 1 
(hr) 

26 3 

26 4 

26 5 

266 

267 

26 8 

274 

297 

300 

305 

298 

306 

299 

318 

317 

345 

327 

328 

329 

344 

38 1 

394 

30 

30 

28 

31 

35 

68 

68 

68 

68 

68 

68 

88 

88 

113 

113 

113 

113 

113 

140 

149 

100 

500 

100 

500 

100 

500 

1000 

10 

50 

250 

500 

1000 

2850 

100 

350 

500 

1000 

2000 

3000 

5000 

52 5 

1000 

Moderate 

Moderate 

Moderate 

Moderate 

Moderate 

Moderate 

Heavy 

L ight  

Moderate 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

H ea vy 

H ea vy 

Heavy 

4 

9 

5 

15 

3 

13 

11 

1 

2 

9 

9.5 

9 

18 

4 

8 

6 

10 

7 

23 

27 

10 

17 

1 ooo* 

1300 

1000 

1800 

900 

1750 

1400 

230 

575 

1200 

1100 

1400 

1500” 

900 

1200 

600 

550 

250 

600 

350** 

27 from 50-1 b batch containing 

720 ppm N i  

27 from 50-lb batch containing 

720 ppm Ni 

27 from 5-Ib batch containing 

1380 ppm N i  

27 from 5-lb batch containing 

1070 ppm N i  

27 pretreated 

27 pretreated 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

44 

44 

F I uori de Mixture 
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Table 5 (continued) 

Attack Average Cr Content 
Fluoride Mixture 

tensity Depth ( m i l s )  (PPm) After Operation 

javy 

ght 

?avy 

javy 

gh t 

?avy 

>derate 

?avy 

?avy 

?a vy 

?avy 

?avy 

?avy 

?avy 

2avy 

,derate 

zavy 

5avy 

zavy 

zavy 

)derate 

ight 

>derate 

6 

7 

1 1  

13% 

2 

3 

4.5 

8 

8 

14 

13 

16 

1 1  

10 

1 1  

10 

3 

1 1  

10 

15 

9 

9 

12 

550 

550 

85 

300 

300 

400 

425 

600 

400 

700 

52 5 

600 

600* 

600 

520 

475 

700 

600 

475 

450* 

850 

800 

800 

30 plus 0.2% ZrH2 

30 plus 0.2% ZrH, 

30 plus 0.2% ZrH2 

30 plus 0.25% ZrH2  

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

30 

44 

44 

30 

30 

30 

alues. 

hr. A single loop 
id  the relationship 
icrease in depth of  
attributed to mass 
this variable i s  to 
operating times o f  

cessity. Since the 
es are parallel, the 

rate of mass transfer i s  not strongly dependent 
upon the original batch. A series of  photomicro- 
graphs representing various test durations are 
shown in Fig. 7. It may be seen that the voids 
grow in size with time and show a tendency to 
concentrate in the grain boundaries. 

The rapid attack during the in i t ia l  stages was 
sensitive to the nature of the batch. The attack 

13 
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Fig. 6. Variation in Depth of  Attack with Operating Time. 

during this time was caused by the system 
reaching equilibrium; i t  was affected by such 
things as impurities from any source and by the 
dissolving of sufficient chromium to reach equi- 
Ii brium concentrations. 

An interesting point in the tests was the average 
chromium content found in the fluorides after 
operation of  the loop. While the depth of attack 
increased with time, the chromium concentration 
in the fluorides did not. The concentration was 
established during the f irst stage of  the attack 
and then remained constant. In some long-time 
loops, metall ic chromium crystals were found in 
the trap at  the bottom of the cold leg. This 
deposit appeared f irst as a ring made up from 
fine dendritic crystals sticking to the trap wall 
just above the liquid-solid interface found in the 
trap. It continued to grow unt i l  an entire disk 
was formed, as shown in Fig. 8. In many 1000- 
and 2000-hr loops, no crystals at a l l  were found, 
and in none o f  the loops were sufficient metall ic 

crystals found t o '  explain a l l  the attack. The 
trap deposits were identified as metall ic chromium 
by x-ray diffraction and spectrographic studies. 

With the depth of attack varying with time as 
shown in Fig. 6, diffusion of  chromium within the 
pipe wall could possibly be the rate-controlling 
step. I f  this were true, the depth of  attack would 
be independent of  the solutions and so should be 
the same after circulating two fluoride batches 
for 250 hr each as after circulating one batch for 
500 hr. However, loop 281 developed a total 
depth of  attack of  17 mi ls with two batches circu- 
lated for 250 hr each, while loop 280 developed 
an attack o f  8 mils with a single 500-hr circulation 
of another portion of the same batch. Additional 
evidence that the controlling step i s  not in the 
wall i s  provided in loops 333 and 334. Loop 334 
circulated a batch that had been previously 
circulated in loop 333. An attack to 5 mils was 
found after 500 hr in loop 334, while in loop 333 
an attack to 14 mils was found after only 240 hr. 

14 
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Fig. 8. Metal l ic  Deposit Found a t  Top of Cold Trap 

from Loop 344. 

The attack in loop 334 was higher than would be 
predicted from the curves, but the original batch 
was of poor quality, and the 240 hr in loop 333 
does not appear to be sufficient time for it to 
reach equilibrium. When the fluoride mixture was 
transferred to loop 334, 225 ppm of iron was s t i l l  
present. 

Other evidence that chromium diffusion i s  not 
the l imit ing factor during the longer operating 
times i s  presented below (“Change in Analysis 
of  Inner Pipe Wall”). 

These tests show that while the chromium i s  
continually removed from the inner surface of  the 
pipe wall, the wall i s  not being continually 
depleted. Chromium i s  removed fairly rapidly 
during the early stages o f  rapid attack, but with 
the decrease in removal rate the chromium diffuses 
to the surface as fast as i t  is  removed and 
possibly even at  a slightly higher rate. I f  the 
chromium diffusion rate was the l imit ing factor, 
the surface would be continually depleted, or at 
least remain constant, instead of the concentration 
evening out. 

Effect  of Temperature. - For a l l  this work, the 
loop operating temperature was measured from 
thermocouples spot-welded to the pipe wall 
several inches above the top heater. As long as 
the temperature i s  measured in the same manner 
and at  the same spot in a l l  loops, the measure- 
ments are comparable, but they may be only 
relative. The development of  the methods of  
installing the thermocouples and the choice of  
locations were discussed in the previous report. 
With the techniques used on the loops several 
errors are known to be present. The temperatures 
were measured on the outer pipe wall surface 
above the heaters. While the bulk fluoride temper- 

1 

ature would change little, i f  a t  all, in this dis- 
tance, a difference in wall temperature would be 
found. Under the heaters the driving force i s  
inward, and therefore the walls are hotter than 
the fluoride; above the heaters, the reverse i s  
true. The temperature of  interest i s  the maximum 
temperature a t  the interface between the l iquid 
and the pipe wall, but for practical reasons i t  i s  
the temperature of  the outer wall that i s  measured, 
and this at  only a few spots. Thus there i s  no 
assurance that the maximum interface temperature 
i s  being measured. 

Two attempts were made to determine the 
maximum wall temperature under the heaters. 
Thermocouples were attached to the walls of  
these loops by various methods, and several 
different radiation shields were provided for the 
thermocouple beads. In addition, several thermo- 
couples were buried in the wall. As was ex- 
pected, a spread in temperatures was obtained, 
but for both loops the maximum wall temperature 
appeared to be between 150 and 175OF above the 
measured standard loop operating temperature. 
This temperature difference was larger than was 
expected, but since so much work had already 
been done with the temperature above the last 
heater used as the so-called maximum, it was 
decided to complete the work without making a 
change in the technique. The thermal loop data 
are suitable only for direct comparison to give 
trends and for studies of  mechanisms and are not 
intended as reactor or loop design data; therefore 
such a decision was reasonable. 

When this work was started, considerable 
discussion had occurred as to what temperatures 
should be measured and how. Considerable 
dif f iculty had been encountered with failure, by 
breaking loose, of  thermocouples under the 
heaters; installation there was more difficult, 
and such failure could easily produce high values. 
For these reasons, i t  was decided to measure 
the temperature just above the heaters. In 
retrospect this appears to have been a mistake, 
since wall temperature has now been shown to be 
the most important variable and the error in 
measuring with th is method i s  larger than was 
thought; so it would now appear desirable with 
each loop to actually measure the temperature 
under the heaters. 

The data showing the variation in depth of  
attack with variations in hot-leg temperature are 
tabulated in Table 6 and summarized in Table 7. 
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Tab le  6. Data from Loops  Operated w i th  Var ious Ho t -Leg  Temperatures 
~~ ~ 

A t tack 

In tens i ty  Depth (mi ls)  

Loop  EE Batch H o t - L e g  Temperature Temperature Drop Operating T ime 

No. No. a ( O F )  ( O F )  (h r) 

275 
273 
2 86 
287 
28 9 
288 
314 
318 
32 1 
350 
345 
390 
380 
439 
440 
44 1 
537 
538 
539 
540 
562 
575 
56 3 
570' 
571 
586 
58 1 
35 1 
39 1 
392 
393 
449 
533 
534 
535 
536 
578 
579 
583 
584 
580 
585 

35 
22 
59 
59 
59 
59 
73 
88 
88 

113 
113 
141 
141 
158 
158 
158 

188- 1 
188- 1 
188- 1 
188- 1 
232-8 
232-8 
232-8 
232-8 
232-8 
239-3e 
239-3e 

119 
141 
141 
141 
158 

188- 1 
188- 1 
188- 1 
188- 1 
239-3e 

239-3= 
239-3e 
239-3e 
239-3e 

239-3e 

1650 
1500 
1300 
1500 
1500 
1650 
1250 
1500 
1650 
1200 
1500 
1200 
1500 
1300 
1500 
1650 
1200 
1300 
1400 
1500 
1200 
1200 
1350 
1500 
1500 
1500 
1600 
1650 
1200 
1400 
1600 
1250 
1250 
1350 
1500 
1600 
1200 
1350 
1350 
1500 
1500 
1600 

125 

175 

150 
150 

140 

160 
200 
150 
170 
170 
200 
200 
150 
150 
185 

200 
215 
120 
150 
180 
185 
160 
165 
175 
215 
220 
170 
190 
200 
220 

250 

500 
500 
500 
500 
500 
500 
500 
100 
100 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
714 

1000 
1310 
2000 
1900 
2000 
1060 
1125 
1080 
1150 
1500 
1500 
1500 
1500 
1500 
1500 

Moderate 

Moderate 

H ea vy 

Heavy 

Heavy 

Moderate 

H ea vy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

H ea vy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Moderate 

Heavy 

Heavy 

Heavy 

Moderate 

Heavy 

Heavy 

Heavy 

Heavy 

Moderate 

Heavy 

Moderate 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

11 
10 
9 

13 
8 

12 
3 
4 
7 
3 
6 
5 
7 
4% 
9 
8 
6 
4 
5% 

11 
7 
8 
6 
9 
5 

12 
14 
8 
7 
8 

13 
6 
4 
5 

10 
9 
8 
5 
5 

15 
12 
18 

aFluor ide 30 except  where indicated. 

bCurved loop. 

='/2 in. sched 40. 

in. sched 10. 

eFluor ide 44. 
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Table  7. Summary of Effect of Hot-Leg Temperature on Depth o f  Attack 

Operating Time EE Batch Depth of  Attack (mils) a t  

(h r) No. 120OoF 125OoF 130OoF 135OoF 140OoF 150OoF 160OoF 165OoF 

100 88 

500 59 and 73 
113 3 
141 5 
158 

188- 1 6 
232-8 7,8 

Av 5.8 

1500 239-3 

2000 14 1 

8 

3 9 

4’/2 
4 

5.8 

6 

5,5 

5% 

8 

4 7 

13, 8 11,12 
6 
7 
9 8 

1 1  
5, 9 

8.5 10.3 

15, 12 18 

13 

Table 7 i s  divided into horizontal sections 
corresponding to various operating times, with 
the batches tabulated separately in each section. 
An increase in depth of  attack with increasing 
temperature is  apparent both at  500 hr and in the 
long-time loops. A t  500 hr the individual batches 
show considerable spread and the effect i s  not 
definite; however, it i s  shown up by averaging 
the results for each temperature. Since the 
amount o f  this increase varies with the batch, 
no qualitative conclusions may be drawn, and the 
increase must be regarded only as a trend. 

It may be noted that a deeper attack was found 
in both the short- and long-time loops operated a t  
around 120OOF than in those at  135OOF. A typical 
plot of  the variation in depth of attack with 
temperature showing this increase at  12OOOF i s  
shown in Fig. 9. The curve in this plot i s  from 
the 1500-hr loops with mixture 44, but the shape 
i s  typical. With other mixtures and times the 
slopes of  the upper curves change, but in a l l  
cases a nose i s  apparent. While breaks have 
also been noted in some physical properties in 
this temperature range, no definite reasons have 
been advanced for the increase in depth of  attack. 

As shown by the photomicrographs in Fig. 10, 
the nature of  the voids also changes with temper- 
ature. A t  low temperatures, even with the long 
times, the voids are small and fairly evenly 
distributed. As  the temperature increases, the 
voids grow in size and concentrate in the grain 
boundaries. 
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Fig. 9. Change in Depth of Attack with Increasing 
Temperature in Loops Operated for 1500 hr. 

While a variation in attack occurs with temper- 
ature, th i s  variation i s  relative. It has been 
shown that considerable attack can be found in a 
loop whose hot leg was at  15OO0F, but none i s  
found in the 130OOF cold leg. When the loop 
temperature was increased unt i l  the cold leg was 
at 15OO0F, no change was found in the distribution 
of the attack. This was also true when the hot- 
leg temperature was dropped to 135OOF. 

Additional evidence that the actual temperature 
i s  not as important as the relative temperature 
was found in the data in Table 4. As  discussed 
previously in this section, very l i t t l e  change 
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would be found in bulk fluoride temperature 
between samples 8 and 1A; however, some differ- 
ence would be found in wall temperature. The 
depth of  attack has been reduced by one-half in 
this 1-in. distance. This rapid decrease in attack 
was confirmed with loop 268. The top of  the hot 
leg of  this loop was sectioned longitudinally, and 
the attack decreased from a heavy 12 mils to a 
l ight 4 mils in a distance of 0.75 in. 

In another attempt to show the correlation 
between depth of  attack and heater location, 
loop 456 was operated with an unheated, but 
well-insulated, area near the top of  the hot leg. 
The maximum depth o f  attack in the unheated 
area was 3 mils, while attacks to 9 mils were 
found in  the heated areas on both ends of this 
zone. The change in depth was quite rapid at 
both ends. The effects o f  the unheated area must 
be complex, since the 9-mil attack below the gap 
was deeper than would be found in a comparable 
area in a control loop. It i s  possible that the 
gap in the heaters had an effect upon the forced 
convection currents found by Hami I t ~ n , ~  These 
currents could affect both the laminar layer and 
the wall temperature. 

The importance of location i s  also shown 
clearly in another loop. Loop 259 was part of the 
temperature study and had an lnconel thermocouple 
well suspended in the middle of  the hot leg. 
Fluoride 27 was circulated in this loop, and 
after 500 hr a typical attack to 8 mils was found 
on the loop wall. In a section directly opposite 
this area, the thermocouple well showed only a 
light attack to a maximum depth o f  1 mil. The 
distance between the thermocouple well and the 
loop wall was only 0.2 in., but a l l  the attack had 
been concentrated on the hotter surface. 

A l l  these tests i l lustrate the fact that the 
maximum wall temperature is  a more cri t ical 
variable than average bulk fluoride temperature 
is. When a temperature difference i s  present 
between two surfaces, the attack w i l l  be concen- 
trated on the hotter surface, even i f  the colder 
one i s  a t  a level where attack is  normally 
encountered. 

Temperature Drop. - The thermal loop i s  not 
ideal for studying the effects of temperature drop 
in a dynamic corrosion test. Any change in 

3D. C. Hamilton, F. E. Lynch, and L. D. Palmer, 
The Nature of Flow of Ordinary Fluids in a Thermal 
Convection Harp, ORNL-1624 (Feb. 23,  1954). 

temperature difference between the two legs i s  
also a change in flow driving force, and so must 
be reflected as a change in velocity. With a 
standard loop design and heater location, any 
change in temperature drop requires a change in 
heat input and therefore a change in maximum 
wall temperature. Since in a thermal loop the 
Reynolds number i s  already very low, it was 
speculated that the changes in flow would not 
have a big effect on the laminar layer and there- 
fore that chanies in temperature drop could be 
studied, at  least in an approximate manner. It 
has now been shown in the pump loops that 
velocity i s  not a cri t ical variable. The varia- 
tions in wall temperature would, however, s t i l l  
cause errors. 

For th i s  series of  tests the temperature drops 
in the loops were varied by placing various 
amounts of  insulation on the cold leg. An attempt 
was made to increase the drop by air-cooling the 
cold leg, but with the standard loop design, 
sufficient heating was not available to maintain 
the hot-leg temperature at  1500OF. The long-time 
loops in this series were terminated by a building 
power failure after they had been circulated for 
varying periods. For comparative purposes, smal I 
corrections were made in the depths of attack to 
compensate for the variations in time. In a l l  
cases the corrections, and therefore any errors, 
were smaller than the normal spread in results. 

As shown by the data tabulated in Table 8 and 
summarized in Table 9, a decrease in depth of  
attack was found with smaller temperature drops. 
This was found with both the short- and the long- 
time loops. While these data seem to show an 
effect, they cannot be considered as proof, since 
with the lower temperature drops, lower wall 
temperature would be found. This would also 
reduce the attack, and the two variables cannot 
be separated from these data. It was shown 
previously that while wall temperature was cri t ical 
i t was relative in that a temperature drop was 
also necessary. This would be indirect confir- 
mation that increased temperature drop wi II cause 
i n crea sed attack . 

A confl ict i s  apparent in the data in Table 9. 
An increase in attack was found for each time 
series with an increase in temperature drop; 
however, the increases were independent of  time. 
Thus these data indicate that the depth of  attack 
does not increase with time and therefore confl ict 
with the results presented above (“Operating 

20 

. 



Tab le  8. Data from Loops Operated wi th  Var ious  Temperature Drops 

Average Chromium Attack 
Temperature Operat ing 

Con tent  After 

Opera t i on Depth 
(h r) (mi Is) 

Ti me 
Loop EE Batch Co ld-Leg 

No. No. Condit ion 
Drop 

In  tens i ty 
( P P d  

(OF) 

422 

442 

546 

547 

545 

423 

447 

448 

446 

51 0 

530 

53 1 

532 

6 77 

678 

679 

680 

682 

684 

155 

155 

198 

198 

198 

155 

173 

173 

173 

198 

198 

198 

198 

246- 1 

246- 1 

246- 1 

246- 1 

246- 1 

246- 1 

Wrapped 

Con tro I 

l nsu l  ated 

Wrap ped 

Control 

Wrapped 

In sui ated 

Con tro I 

Cooled 

Insulated 

Wrapped 

Con tro I 

Coo 1 ed 

In su I ated 

In su lated 

Insulated 

In  su I ated 

Insulated 

Con tro I 

130 

200 

70 

140 

200 

140 

65 

200 

220 

85 

130 

220 

235 

70 

95 

100 

70 

80 

220 

500 

500 

500 

500 

500 

2000 

1000 

1000 

1000 

1820 

1640 

1400 

1410 

14 

50 

100 

100 

500 

500 

750* 

800 

400 

400 

400 

650 

3 50 

600 

500 

450 

1700* 

350 

475 

675 

700 

750 

725 

800 

90 0 

Heavy 

H ea vy 

Heavy 

Heavy 

Heavy 

Heavy 

Mod era te  

Heavy 

H ea vy 

H ea vy 

Moderate 

Mod era te 

Heavy 

L i g h t  

Mod era te 

Moderate 

Moderate 

Moderate 

Heavy 

5 

10 

4’/2 

6% 

1 1  

6 

4 

10 

12 

6 (5$)** 

7 (7)** 

9% (lo\)** 

10 (11)** 

3 

2% 

4 

4 

5% 

1 1  

*Wide var iat ion in ind iv idual  values. 

* *The at tacks in the loops in th i s  ser ies were adjusted to  1600 hr; the corrected values are shown i n  parentheses. 

Time”). This confl ict cannot be blamed on batch 
variation, since portions of both EE batches 
155 and 198 were operated for different times 
with the same temperature drop and in both cases 
this independence with time was noted. A series 
of loops with insulated cold legs were therefore 
operated for varying times. The data for this 
series are also tabulated in Table 8 and do show 
an increase in depth with time. The attack in the 
500-hr insulated loop i s  only half  that found in 

the control loop, confirming the data reported 
above. The fact that 3 mils attack was found 
after only 14 hr with a low temperature drop shows 
that prolonged cleaning times should be avoided. 

Additives. - In the discussion on the control 
loops it was pointed out that the depth of attack 
seemed to increase with the presence of  iron or 
nickel in the fluorides, but because of other 
variables a definite correlation could not be 
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Table  9. Summary of Changes in  Depth of Attack with Variations in Temperature Drops 

Operating Time Depth (mils) of  Attack a t  Temperature Drops of  

(h r) 65 to 85OF 130 to 14OoF 200 to 22OoF 

500 

1000 

1600 

2000 

4?$, 5% 

5% 

4 

5, 6, 61/2 

7 

6 

made. The variation of  attack with iron and 
nickel concentrations was also noted in the 
original alkal i  metal work.’ To establish a 
better correlation, several loops were therefore 
operated with controlled additions of nickel 
fluoride. The nickel fluoride was added to the 
batch in the transfer pot in order to produce a 
more uniform distribution. While the batch was 
being agitated with helium, some of the nickel 
fluoride reacted with the pot walls, resulting in 
smaller additions than had been planned. A 
Micro Metall ic f i l ter was used in the transfer l ine 
to prevent transfer o f  any metall ic nickel. The 
data from these loops are tabulated in Table 10. 

From these data, an increase in depth of  attack 
over that of a control loop was found in each of  
the 500-hr loops to which nickel fluoride had 
been added. Since the amount of nickel actually 
added i s  not known, an exact comparison cannot 
be made, but the depth of attack does increase 
with increasing additions. The increases are not 
as large as was expected, with an addition o f  
1000 ppm of nickel fluoride causing a doubling in 
the depth of attack. Since some of the chromium 
in these loops was picked up in the charge pot, 
the fluorides were partially saturated before 
being circulated. To compare these loops with 
control loops the hot-leg attack would have to be 
increased sufficiently to balance the chromium 
picked up in the pot. With present production 
techniques for the fluoride mixtures, the varia- 
tions in nickel and iron found in the original 
batches are not large, and from this work it does 
not appear that they are the cause of  the erratic 
attack. Typical hot-leg sections from one of  
these loops and from the 500-hr loops with the 
other additions discussed below are presented in 
Fig. 11. Portions o f  the same fluoride batch 
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were used in loops 454 and 455 to determine the 
effect of  nickel fluoride on the rate of mass 
transfer. The longer-time loop developed an 
attack o f  16 mils, which i s  an increase o f  only 
1 m i l  in 1335 hr; however, some increase was 
found in the number and size of the voids. While 
it i s  possible that nickel fluoride w i l l  not increase 
the rate of  mass transfer, it should react to 
produce chromium fluoride, which i s  shown below 
to increase this rate. No satisfactory explanation 
has been found for th is inconsistency. Typical 
hot-leg sections showing the effect of  th is addi- 
t ive and others on mass transfer are shown in 
Fig. 12. 

Additions of  both chromic and chromous fluoride 
were made in a manner similar to that described 
for the nickel fluoride. The data for these loops 
are also tabulated in Table 10. It has been 
shown by work in the Materials Chemistry Division 
that when CrF, i s  added to fluoride mixtures 
with a zirconium fluoride base i t  i s  reduced to 
CrF,, the latter being the only valence state that 
has been found in such mixtures. The addition o f  
CrF, should reduce the attack found in the f i rst  
stage by providing some o f  the chromium required 
to reach equilibrium. With CrF, this effect would 
also be found, but it would be offset by an in- 
crease in attack caused by the extra fluorine atom. 

The data in Table 10 do show a reduction in 
depth o f  attack when CrF, was added to a loop 
operated for 500 hr. However, in a loop operated 
for 1710 hr the depth was slightly deeper than 
was found in control loops operated for similar 
times; thus, since the depth a t  500 hr was re- 
duced, the rate o f  mass transfer increased. For 
these loops the data would indicate a rate o f  
1 m i l  per 100 hr rather than the 0.4 mil  found 
with the control loops. 

10, 11, 11 

12, 10 

l o t ,  11 



Table 10. Variation in Depth of Attack with Impurity Additions 

Metal in Additive (%) Operating Time Depth of Attack 
EE 

Loop 

No. Added By Analysis (h r) (mi Is) 
Batch Add i t ive 

No. 

289 

290 

29 1 

442 

418 

419 

466 

448 

454 

455 

452 

4 53 

545 

512 

513 

2 96 

294 

6 74 

675 

312 

323 

324 

335 

59 

59 

59 

155 

155 

155 

173 

173 

173 

173 

173 

173 

198 

198 

198 

63 

63 

246-4 

246-4 

73 

92 

92 

92 

Con tro I 

N i  F2 

N i  F2 

Control 

N i  F, 

N i  F2 

Con tro I 

Con tro I 

N i  F2 

NiF ,  

CrF3  

Cr Fg 

Con tro I 

Cr F2 

Cr F2 

Con tro I 

Graphite rod 

Graphite tu be 

Graphite tu be 

Cr powder 

Cr flake 

Contro I 

lncon el turn in gs 

0.05 

0.2 

0.5 

0.5 

0.4 

0.4 

0.3 

0.3 

0.5 

0.5 

1 .o 
0.5 

0.03 

0.05 

0.18 

0.18 

0.11 

0.13 

0.14 

0.14 

0.26 

0.27 

0.20 

0.21 

500 

500 

50 0 

500 

500 

500 

500 

1000 

500 

1835 

500 

2000 

500 

500 

1710 

500 

500 

1000 

1000 

500 

500 

500 

500 

8 

10 

11 

10 

17 

17 

8 

10 

15 

16 

9 

22 

11 

6 

17 

8 

13 

23 

28 

7 

4 

15 

11 

After 500 hr, batches to which CrF, had been 
added developed the same depth of attack found 
in the control loops. It i s  possible that the 
presence of CrF, and the accompanying free 
fluorine atom canceled each other. A definite 
increase in amount and depth of attack was 
noted for these loops at  2000 hr; the rate during 
the period from 500 to 2000 hr was 0.9 m i l  per 
100 hr. 

In both cases the addition of chromium fluoride 
resulted in an increase in the rate of mass 
transfer. This appears to conflict with the 
statement above (see “Operating Time”) that the 

rate o f  mass transfer seems to be independent o f  
batch purity; however, the additions made here 
are much larger than would be found in normal 
batch variations. 

In some of the early loops, chromium metal 
powder and Inconel turnings were added to the 
fluorides in the charge pot. The chromium did 
result in a small decrease in attack, but metall ic 
layers were found on the cold-leg surface. A 
small improvement appears to have been obtained 
from the lnconel turnings, but the results are not 
definite. From the time data obtained with the 
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Fig. 12. Effect of Additives on Mass Transfer Reaction i n  2000 hr Operation. (a) CrF2; ( b )  CrF3; (c) NiF2; ( d )  standard loop. 1OOX. 
Reduced 17.5%. 



loops, it was shown that about 200 hr was re- 
quired for the impurity and saturation reactions 
to be completed, so i t  appears that fairly long 
treatment times would be necessary for equi- 
librium. For these batches 24 hr was the longest 
treatment time used. 

A group of  loops was operated with graphite 
present in the hot legs. The purpose of  these 
loops was to determine whether graphite could be 
used in an Inconel-fused-salt system. With 
loop 294 a t - i n .  graphite rod was suspended 
in the center o f  the upper portion o f  the hot leg, 
while with loops 674 and 675 tubular inserts with 
internal diameters the same as the diameter of 
the Inconel pipe were used. The tubular inserts 
were about 6 in. long and were located just below 
the hottest portion of  the loop. W i t h  each o f  
these loops a definite increase in the depth of  
attack in the Inconel was noted. A deposit was 
present on the surface o f  the graphite and pene- 
trated it for a considerable depth. The photo- 
micrograph in Fig. 13 shows the surface of the 
insert from loop 294 and shows the deposit 
extending for a depth of  17 mils. On the surface 
the deposit is  in the form of a thin f i lm of metal 
surround in g nonm eta I I i c pa r t i  c I es. 

Another material that was added to the fluorides 
was zirconium hydride. It i s  now known that the 
function of this material was to convert a portion 
of  the UF, to UF,; therefore this material w i l l  be 
discussed in the section on the reduced uranium 
fluoride mixtures (“Speci a 1 Fuel Mixtures”). 

Rat io  of  Surface Area to Loop Volume. - One 
dif f iculty in comparing results from various 
corrosion tests i s  the wide variation between the 
tests in the surface area to volume ratios. In 
isothermal static tests it i s  easy to define and 
figure such ratios; however, with dynamic sys- 
tems it i s  di f f icul t  to determine what the signifi- 
cant parameters are, let alone measure them. 
The significant surface area i s  the one where 
the rate-controlling step takes place and could be 
the cold-leg surface as well as the hot-leg 
surface. 

The thermal loop i s  not an ideal r ig  in which to 
study variations in these ratios, since they 
cannot be varied independently. Any variation in 
the ratio of  surface area to volume also results 
in variations in rate o f  heating and in temperature 
distribution, which in turn affect the wall temper- 
atures and velocities. 

Fig. 13. Metal l ic  Deposit on Surface of Graphite Rod Suspended in Hot L e g  
o f  Loop 294. 1OOX. 
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For th is discussion the ratio of  the heated 
surface to the total loop volume was used. Since 
each loop was made from a single size of  pipe 
and a l l  loops are the same length, such ratios are 
dependent only upon the pipe diameter. The 
ratios would vary in value depending upon what 
i s  considered as the cri t ical surface, but such 
variations would cancel out in comparing various 
loops with the same length of  cr i t ical surfaces 
and would depend only upon differences in the 
diameters. 

A series of  otherwise identical loops were 
constructed from tubing and pipe of various 
diameters. The data from these loops are tabu- 
lated in Table 11. After 500 hr the loops with the 
low ratios of  surface area to volume show the 
most attack. This i s  as would be expected, since 
the chromium required by the batch was obtained 

f 

from a smaller surface. W i t h  the longer-time 
loops, no definite conclusion may be drawn, as 
shown by the data summarized in Table 12. 
After 1000 hr, less attack i s  found in the loops 
with the low ratios than in those with high ratios; 
while this i s  s t i l l  true after 2000 hr, the differ- 
ences are smaller rather than having continued to 
increase. If the time from 500 to 2000 hr i s  con- 
sidered, the differences in rate are within the 
usual spread; for the loops from %-in. tubing the 
rate i s  about the same as those obtained from the 
time curves in Fig. 6. 

Oxide Removal Procedures. - While much of  
the available commercial tubing contains internal 
surface scale and dirt, the pipe used in this study 
was supposed to have been annealed and pickled. 
In most cases this specification was met, but 
some loops were found in which heavy surface 

Table 11. Effect of Ratio of Heated Surface Area to Total  Loop Volume on Depth of Attack 

Attack 
Ratio of  Heated Surface 

Loop EE Batch Operating Time 
Pipe Size* to Loop Volume 

No. No. (in. '/in. 3, (h r) Intensity Depth (mils) 

349 

359 

352 

36 2 

549 

550 

551 

56 5 

566 

56 7 

568 

56 9 

570 

160 

529 

119 

119 

119 

119 

232-8 

232-8 

232-8 

232-8 

232-8 

232-8 

232-8 

232-8 

232-8 

217-5 

217-5 

1 in. T 

'/2 in. T 

'/2 in. P 

'/2 in. T 

'/2 in. T 

in. P 

'/2 in. T 

1 in. T 

1 in. T 

in. P 

% in. P 

'/2 in. P 

% in. P 

'/2 in. T 

'/2 in. T 

1.7 

3.9 

2.3 

3.9 

3.9 

2.6 

3.9 

1.7 

1.7 

2.6 

2.6 

2.3 

2.6 

3.9 

3.9 

500 

500 

500 

500 

2000 

500 

1000 

1000 

2000 

1000 

2000 

2000 

500 

3000 

1000 

Moderate 

Heavy 

Moderate 

H ea vy 

Heavy 

Moderate 

Heavy 

Heavy 

Heavy 

L ight  

Moderate 

Heavy 

Moderate 

Moderate 

Heavy 

9 

4 

5% 

5 

14% 

9 

14 

7 

12 

9 

12 

11% 

9 

18 

12 

*P = pipe (IPS); T = tubing (outside diameter). 
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Table 12. Summary of Corrosion Results from Loops with Various Ratios 

of Heated Surface Area to Loop Volume 

Time Interval 

(h r) 

EE Batch 

No. 

Attack Rate (mils per 100 hr of operation) for 
2 3  Surface to Volume Ratio (in. /in. ) of 

3.9 2.6 2.3 1.7 

0-500 

0-500 

500-1000 

1000-2000 

500-2000 

1000-3000 

119 

232-8 

232-8 

232-8 

232-8 

217-5 

0.9 1.1 1.8 

1.9 1.8 

1 0 

0.05 0.3 

0.3 0.2 

0.3 

0.5 

layers were present on the walls before operation. 
Since these loops had been previously degreased 
with a solvent degreaser, a l l  loose dirt  and grease 
had been washed out. The layer was identified 
as being primarily chromium oxide. Several 
procedures were tried in an effort to remove these 
oxide layers before the loops were f i l led and 
operated. 

The loops designated “First  Ser:es” in Table 13 
were operated in connection with the original 
cleaning or oxide removal study made shortly 
after this work had started. As  shown by the 
data, no large differences in depth of  attack 
were found with any o f  the methods studied. 
Although none of  these loops showed a reduction 
in attack from the usual control loops, a cleaning 
step was s t i l l  thought to be desirable to elimi- 
nate erratic results caused by the occasional 
heavily contaminated loops. The surest and 
simplest method of  oxide removal appeared to be 
the prior circulation for short times o f  another 
batch o f  fluorides. This method was then adopted 
as standard procedure. 

When the gradual increase and poor reproduci- 
b i l i ty  in the depths of  attack were noted, cleaning 
variables were one of  the suspected causes and 
were checked again. The results obtained in this 
second study are reported as “Second Series” in 
Table 13. Since cleaning variables represent 
attack due primarily to the reduction o f  impuri- 
ties, they should show up more in short-time 
loops; therefore the loops in t h i s  series were 
operated for only 250 hr. These loops again show 
no apparent variation in depth of attack with the 
various oxide removal steps. Some variations are 
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apparent but they are not systematic. I f  any con- 
clusion were to be drawn, it would have to be 
that the lowest attack was in  the loops that 
received only a careful degrease and visual 
check with no oxide removal operation. 

Heating Methods. - Both to reduce the number 
of variables and for ease in operation, it was 
desirable to use only a single heating method. 
From previous work it was known that clamshell 
resi stance-wound heaters and saturable-core 
reactors for control were a satisfactory combi- 
nation. Consequently, these heaters were adopted 
for th is study, but, since it was shown previously 
that the attack was heavier and deeper under the 
heaters, a study of the effect of  heat flux on 
corrosion was desirable. In addition, some 
corrosion theories were proposed in which the 
heating method was a variable. To answer these 
questions it was necessary to operate some loops 
with a different method of  heating. 

A method of heating by means of  the electrical 
resistance of  the pipe wall was used during the 
cleaning operation and was then modified for 
use during operation. To concentrate the heating 
in the hot leg, so that the heating area and dis- 
tribution would remain constant, one electric 
terminal was connected to the middle o f  the hot 
leg and the other one connected in parallel to 
both ends of  th i s  leg. Because o f  the short path, 
the resistance was low and very high currents 
were required to give the required power. The 
data from the loops heated in this manner are 
tabulated in Table 14, and a typical hot-leg 
section i s  shown in Fig. 14. The depths o f  
attack obtained with this second heating method 
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Table 13. Variations in Depth of Attack wi th Oxide Removal Procedures 

Loop EE Batch Attack 
Oxide Removal Method 

No. No. I nten s i ty Depth (mils) 

c 

237 

234 

236 

23 1 

244 

293 

295 

296 

353 

352 

722 

737 

723 

724 

725 

726 

727 

728 

732 

733 

739 

740 

742 

743 

744 

745 

746 

R- 56 

R-43a 

R-44a 

R-51 

14a 

63 

63 

63 

119 

119 

249- 1 

249-4 

249- 1 

249- 1 

249- 1 

249- 1 

249- 1 

249- 1 

514- 1 

514- 1 

514- 1 

514-1 

514- 1 

514-1 

514- 1 

514-1 

514-1 

First Series 

Hot  sodium 

None 

Dry hydrogen 

Hot NaK 

None 

None 

Molten fluorides 

None 

None 

Molten fluorides 

Second Seri esc 

HN03 + H F  

H N 0 3  + H F  

Dry h y d ro gen 

Dry hydrogen 

Molten fluorides 

Mo I ten f I uor ides 

None 

None 

Machined surface 

Machined surface 

HN03 + HF 

H N 0 3  + HF 

Dry hydrogen 

Mo I ten f I uori des 

Molten fluorides 

None 

None 

Light 

Moderate 

Moderate 

Mod era te  

Heavy 

Heavy 

Heavy 

Heavy 

Moderate 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

H ea vy 

Moderate 

Moderate 

Heavy 

Heavy 

Moderate 

7 

5 

10 

9 

9 

7 

6 

8 

3 

5% 

8 

8 

9 

8 

8 

8 

7 

7 

7 

4 

9 

6 

8 

6 

6 

6 

7 

aFluoride 27. 
x i d i zed hot I e g. 

‘=Operated for 250 hr. 
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either in the wall or, more likely, in the f luid 
boundary layer adjacent to the walls. 

When a reactor system i s  compared with a 
thermal loop, two differences in heating are 
found. In the reactor the heat i s  generated within 
the liquid, and so the wall i s  at  a slightly lower 
temperature than the liquid. In addition, tempera- 
ture cycl ing may be present and may be quite 
rapid. As  yet, no method has been devised by 
which a loop may be internally heated, so that 
the f i rst  difference w i l l  have to be checked in 
the radiation tests. A series of tests were set 
up to determine whether the second difference - 
temperature cycling - increased the rate of mass 
transfer. 

The temperature cycle used for these loops was 
periodic and, to avoid excessive wall temper- 
atures, o f  fairly long duration. Figure 15 shows 
the hot-leg temperature pattern o f  a typical loop. 
The corrosion data for this series are tabulated 
in Table 15. Within the accuracy o f  the data 
this slow cycling did not affect the depth of  
corrosion. It appears that the cycl ing averages 
the attack over the entire temperature range rather 
than effectively increasing the differences, and 
it has already been shown that the depth of 
attack i s  not affected greatly by changes in hot- 
leg temperatures. It is  possible that a more 
rapid cycling could increase the attack by 
effectively increasing the temperature drop, but 
this cannot be confirmed in the present equipment. 

Loop Size and Shape. - As  discussed in the 
companion report,’ the size and shape of the 

loops were arrived at  primarily from physical 
considerations such as sizes of available heaters 
and ease of operation rather than from flow and 
corrosion considerations. As the corrosion 

UNCLASSIFIED 
ORNL-LR-DWG 48768 

Fig. 15. Hot- and Cold-Leg Temperature Patterns 

from Thermal-Cycled Loop. 

Tab le  15. Effect of  Temperature Cycling on Hot-Leg Attack 

Hot-Leg Temperature Cold-Leg Temperature Attack 

Loop EE Batch Time ( O F )  ( O F )  . .  . .  
Intensity Depth (mils) No. No. (h r) 

Maximum Minimum Maximum Minimum 

t 
A 

* 

564 

570 

576 

577 

752 

588 

692 

779 

232-8 

232-8 

228- 12 

228- 12 

514- 1 

248-4 

246- 1 

51 3-4 

500 

50 0 

500 

500 

43 0 

788 

1500 

2000 

1600 

1500 

1600 

1500 

1600 

1600 

1400 

1600 

1400 

1500 

1400 

1500 

1400 

1400 

1400 

1400 

1385 1200 Heavy 

Moderate 

1360 1200 Heavy 

Heavy 

Moderate 1395 1200 

1350 1180 Heavy 

1360 1125 Heavy 

Heavy 

1 1  

9 

9 

9 

10 

8 

14 

18 

31 



studies progressed, some effort was made to 
improve the design of the loops. 

A maior simplification in fabrication was the 
elimination of  the expansion pot, which required 
several different sizes of  material and con- 
siderable welding. This pot was originally 
provided on the loops to take care of expansion 
of the liquid and to allow more leeway in fill ing. 
With experience in loop handling, it was found 
possible to f i l l  to between rather narrow limits; 
consequently, the pots were replaced by a straight 
length of  pipe of the same size as the loop, which 
was welded into the top of  the loop, The gas 
and vacuum connections as well as the f i l l  l ine 
and spark-plug probe were connected into the 
side of  this pipe by means of  Swagelok fittings 
as shown in Fig. 1. 

In making some calculations on loop design, 
J. F. Bailey showed that a major portion of  the 
flow resistance was in the sharp bends where the 
legs joined, The loop was therefore redesigned 
w i t h  smooth curves at  both these positions. The 
riser leg and trap were saddle-welded on the high 
and low points o f  the loop. In making this change, 
it was necessary to relocate the thermocouples; 
so it was not definitely established whether an 
increase in velocity was obtained. No measur- 
able change in depth of  attack was found in the 
control loops of  this design compared with those 
with the sharp joints. 

When work was started with liquid metals it 
was noted that the deposits of  metall ic crystals 
found in loops with the trap in l ine with the cold 
leg were larger than those in loops with a smooth 
bend and the trap offset several inches. In both 
cases the temperature pattern in the trap would 
be the same, but it i s  speculated that with the 
sharp bend the crystals could settle out, while 
with an offset trap they were easily carried 
across the small opening. This does not neces- 
sarily mean that more crystals were formed, only 
that they were concentrated and easier to find. 
Since it was desirable to use a standard loop for 
a l l  work, the in-line trap and sharp bend for the 
lower joint were made standard. This change 
caused an increase in temperature drop of  about 
lO"F, showing that some decrease in velocity 
had taken place. The configuration of the stand- 
ard loop after incorporating these changes, shown 
in Fig. 1, i s  satisfactory for normal loop materials 
and coolants but i s  obiectionable for special 
materials in that it requires considerable amounts 

of  materials both for the loops and for f i l l i ng  
them. Such materials as niobium and molybdenum 
not only are expensive in the required quantities 
but are hard to obtain in the required lengths. 

A series of  loops were fabricated with various 
ratios of  height to width. Unfortunately, as with 
so many other variables in the loops, any variation 
in size affects other variables, such as tempera- 
ture drop, so that only the over-all effect can be 
observed. W i t h  the change in temperature drop, 
it i s  l ikely that a change in wall temperature was 
also occurring. The corrosion data for this 
series of loops are tabulated in Table 16 and 
indicate that it i s  possible to reduce the loop 
size by one-half with only a small reduction in 
depth o f  attack. 

Change in Analysis of Inner Pipe Wall. - As 
shown by a l l  the photomicrographs in this report, 
visually the attack found after circulating zir- 
conium fluoride-base fluorides appears to be the 
same as that reported for alkali-metal-base 
mixtures.' Thin layers were removed from the 
inner surfaces of  both the hot and cold legs to 
determine whether the changes were also similar 
chemical ly, Obtaining thin, uniform layers with 
enough material for analyses i s  a di f f icul t  pro- 
cedure. After operation at 1500°F the pipes are 
no longer perfectly round, and in addition, lengths 
of  a t  least 6 in, are required to get enough sample 
with 5-mil layers being removed; both these 
facts make i t  di f f icul t  for the machinist to main- 
tain the required depth during the drilling. For 
th i s  reason the depths reported in the work must 
be considered as being only relative. 

The analyses of  the various layers removed 
from the hot legs o f  three 500-hr loops are given 
in Table 17. The samples were cut as concentric 
layers, and the deepest cut in each sample i s  
listed in the "depth" column, The tabulated 
analyses give the average concentration between 
the depth l isted for the l ine in which i t  i s  tabu- 
lated and the depth l isted for the l ine directly 
above. These analyses show that the mechanism 
has not changed and that chromium i s  s t i l l  the 
major constituent removed from the wall by the 
attack, The chromium i s  removed from a depth 
greater than that of  the microscopic voids, con- 
firming the obvious assumption that a certain 
contentration of vacancies i s  necessary for the 
appearance of  voids. As shown by Fig. 16, the 
change o f  chromium concentration with depth 
i s  a straight l ine on a logarithmic plot. Any 

t 
\ 

32 



Table 16. Variation in Depth o f  Attack with Variations of Loop Height and Width 

c 

I 

t 

Loop EE Batch Time Loop Size (in.) Temperature Drop At to ck 

No. No. (hr) Vertical Horizontal (OF) Intensity Depth (mils) 

4 96 198 

545* 198 

502 188-7 

535" 188-1 

597 248-4 

598 248-4 

599 248-4 

600 

60 1 

602 

603 

604 

605 

606 

614" 

248-4 

248-4 

248-4 

248-4 

24 8- 4 

248-4 

248-4 

248-4 

500 15 15 

500 26 15 

000 15 15 

080 26 15 

000 15 15 

000 15 8 

000 15 26 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

26 

8 

15 

15 

15 

26 

8 

26 

8 

8 

15 

8 

26 

8 

8 

15 

Moderate 7 

Heavy 1 1  

Heavy 7 

Moderate 10 

208 Heavy 10 

172 Heavy 11 

195 Heavy 15 

220 

143 

195 

188 

205 

218 

145 

245 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

Heavy 

H ea vy 

16 ?$ 
10 

13 

14 

12 

16 

10 

15 

*Control loop (standard size). 

UNCLASSIFIED 
ORNL-LR-DWG 48769 

I 2 5 to 20 
DEPTH FROM SURFACE (mils) 

Fig. 16. Change in Chromium Concentration with 

Depth Below Surface in Hot Legs of Thermal Convec- 

tion Loops. 

change in iron or nickel i s  d i f f icul t  to determine, 
and i f  i t  occurs must be small. With two of the 
loops the Fe/Ni ratio decreased slightly, while 
with the third no change was noted. 

With these same samples, an attempt was made 
to determine whether any components of  the 
fluoride mixture were present below the surface, 
although satisfactory analyses were not possible 
because sufficient sample did not remain after 

the above analyses had been made. Sodium, 
zirconium, uranium, and fluoride ions were re- 
ported as being present in a l l  samples and in 
amounts decreasing with depth; however, the 
ratio o f  their concentrations varied from sample 
to sample and in a l l  cases was different from that 
in the original mixture. In no case were the 
amounts reported sufficient to account for the 
volume o f  holes seen under the microscope. 
This work does not prove that the fluoride mixture 
i s  not present below the surface; however, it 
indicates that fluorides are not present in 
sufficient quantities to have f i l led a l l  the voids. 

Analyses from similar chemical samples re- 
moved from loop 765 after it had circulated for 
2000 hr are shown in Table 18. These values do 
not show any significant decrease compared with 
those obtained from the 500-hr loops. This  would 
indicate that chromium i s  replaced in the surface 
layers by diffusion as fast as it i s  removed by 
mass transfer. 

Additional evidence that the chromium concen- 
tration of  the surface does not continue to de- 
crease with operating time i s  shown in Fig. 17. 
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Fig. 17. Change in Chromium Content with Time as Shown by Magnetic Etching Technique. 
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Fig. 18. Change in Depth of Attack with Uranium 
Con cent  ration. 

figure the average depths obtained with the 
control batches o f  fluorides 30, 31, and 44 are 
shown. For these averages a straight l ine was 
found with a rate only slightly lower than the 
other one. Considerable variation was found in 
the depths o f  attack after 2000 hr, and no definite 
conclusions may be drawn. Additional loops w i l l  
be necessary to show the effect of  uranium concen- 
tration on depth of  attack resulting str ict ly from 
mass transfer. 

Two loops were operated with batches con- 
taining high uranium concentrations, and the data 
from these loops, also tabulated in Table 19, do 
not l i e  on the curves shown in Fig. 18. In both 
cases, the depth o f  attack was less than would 
be predicted. Another difference in these two 
loops was that the chromium concentration did 
not build up to the usual levels. A comparison 
with the data presented below (“Special Fuel 
Mixtures”) points out the possibi l i ty that a 
portion o f  the high UF, concentration has dis- 
proportionated into UF,. The UF, would lower 
the equilibrium chromium concentration and 
reduce the depth of  attack. 

Barren Fluoride Mixtures 

During the cleaning and preliminary testing 
stages of  reactor operation, the material circu- 
lated i s  similar to that used during operation, 
except for the absence of  uranium. The operating 
time during such operations can be a considerable 
fraction o f  the total operating time, and therefore 
corrosion during this period must also be studied. 

An examination of  the data tabulated in Table 20 
reveals that the corrosion mechanism i s  not the 
same when the uranium i s  present as when it i s  

not. The average depth of attack in the standard 
loops after 500 hr was 5.7 mi ls or about two- 
thirds of  the depth in similar loops containing 
UF, mixtures. The appearance o f  the attack, as 
shown in Fig. 19, i s  similar to that previously 
discussed. The iron and nickel in the fluorides 
after operation decreased in the usual manner, 
but the chromium concentration i s  lower. 

An increase in depth o f  attack was found with 
increases in operating time. While the values 
vary with the different fluoride batches, an 
average rate of  increase, as shown by Fig. 20, 
would be about 2 mils per 1000 hr, or about hal f  
that with the UF, addition. The voids also grow 
in size with increasing operating times, as shown 
in Fig. 19. The increase in depth of attack or 
mass transfer takes place in this mixture with 
very low chromium concentrations. In the cold 
legs of  both the 2000- and 3000-hr loops, operated 
with a portion of  the high-purity materials used in 
the ARE, dendritic crystals of  chromium metal 
were found. 

Another difference with the barren mixtures 
was revealed by loops 337 and 338. Both these 
loops circulated for 500 hr, but loop 337 operated 
with two batches o f  high-purity ARE fluorides, 
and the f i rst  batch drained from 337 was then 
circulated for an additional 500 hr in 338. The 
depth of  attack with both these loops was about 
the same as in the control loops, rather than 
being double and half, respectively. Hot-leg 
sections from these loops are shown in Fig. 21. 
These data indicate that this attack i s  caused 
primarily by mass transfer, with impurities and 
saturation playing only a minor part. 

The actual mass transfer mechanism with the 
barren solutions i s  not known, since insufficient 
work has been done on concentrations and 
equilibrium constants in systems which do not 
contain uranium. The most l ikely reactions 
would result in a change in solubility with temper- 
ature, for example, 3CrF, = 2CrF, + Cr or 
possibly 2Na + CrF, e Cr + 2NaF. Reactions 
with zirconium are also a possibility, but no 
evidence for them has been found. 

Screening T e s t s  of Possib le  Container Mater ia ls  

The screening tests’ on which the original 
material selection was made were carried out 
with alkali-metal-base mixtures. In that study a l l  
stainless steel and ferritic-base alloy loops 
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Table 20. Corrosion Data from lnconel Loops with Barren Fluorides 

Analysis o f  Fluoride Mixture (ppm) 
Loop EE Batch Operating Time Maximum Attack 

No. No. (h r) (mi I s) 
Nickel  Chromi um Iron Comments 

H F  Before 
Before After Before After Before After 

276 

278 

277 

3 36 

34 1 

342 

348 

346 

347 

400 

410 

41 1 

399 

516 

517 

518 

519 

337 

338 

44 

49 

ARE-2 

ARE-2 

ARE-2 

AR E-2 

AR E-2 

AR E-2 

134 

134 

134 

134 

210-5 

210-5 

210-5 

210-5 

2 batches 

AR E-2 

Batch from 
337 

500 

1000 

500 

500 

500 

500 

500 

2000 

3000 

50 

100 

250 

1000 

500 

822 

3000 

2000 

575 

500 

Av for 500-hr loops 

8 

5 

4 

6 

5’/2 

6 

5 

9 

11 

3 

4 

41/2 

10 

6 

5’/2 

12’/2 

11 

8 

6 

5.7 

1300 

130 

75 

< 20 

< 10 

< 10 

< 10 

< 10 

55 

70 

70 

70 

25 

< 20 

< 20 

< 20 

< 20 

< 20 

< 20 

< 20 

< 20 

< 20 

* 

< 20 

< 10 

<10 

20 

60* 

30 

1 oo* 

1 -25* 

2-20* 

20 

25 

30 

180 

* 

135 

135 

135 

320 

80 

75 

60 

115 

2 50 

2000* 

6 50 

350 

110 

310 

200 

130 

300 

110 

200 

240 

200 

365 

100 

160 

110 

125 

1 -250 

2-200 

470 

52 0 

8 50 

800 

* 

36 5 

36 5 

36 5 

80 

115 

200 

100 

135 

150 

130 

75 

30 

50 

65 

35 

80 

110 

65 

100 

70 

90 

120 

60 

110 

75 

1-150 

2-50 

50 

No cleaning 

Cr in trap 

Cr in trap 

2.5 Layer 

2.4 Layer 

3.0 Crystals 

3.5 

3.5 Deposit 

3.0 Deposit 

*Individual resul ts  varied. 
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Fig. 19. Growth of Voids Formed by Barren Fluorides with Increasing Time of Operation. (a) 500 hr; ( b )  1000 hr; (c) 2000 hr; ( d )  3000 hr. 250X. 
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sneral, these tests are much more favorable than 
e previous ones were. 
Stainless Steels. - A l l  stainless steel loops 
>crated satisfactorily for 500 hr when zirconium 
uoride-base mixtures were circulated in them, 
j shown by the data tabulated in Table 21. The 
)t-leg attack in type 316 stainless steel loops 
as similar in appearance (Fig. 22) and to about 
e same depth as was found in lnconel loops. 
s would be expected from solubility studies, 
le iron and nickel concentrations o f  the fluorides 
!mained low and the chromium increased during 
)eration. The disadvantage of  this al loy i s  the 
etal l ic  deposits that were always found in the 
)Id legs (Fig. 22). Attempts to identify the 
sposit by spectrographic and diffraction studies 
ere not successful, but indications are that iron 
i d  chromium are both present. 
When the loops were fabricated from a 400 
sries stainless steel, the nature of  the attack 
ianged. The hot-leg surfaces were rough, with 
i t i r e  crystals being removed, and no subsurface 
l i ds  were present. Large deposits of  dendritic 
etal l ic  crystals were found in the cold legs. 
ypical cold-leg sections with types 410 and 
l6 stainless steel are shown in Fig. 23. The 
3ld-leg deposit in a type 410 loop analyzed 
3.4% Fe-4.3% Cr-1% Ni-12.9% Zr. In a type 
l6 loop the crystals were 35.7% Fe-7.6% Cr-1?4 
i-13.8% Zr. The zirconium i s  not part of  the 
rystals but i s  from unseparated fluorides. These 
I t a  indicate that both iron and chromium can be 

E n  
.... ̂ . . 

‘wo Barren Batches and with a Precirculated Batch. 

with a precirculated batch. 250X. Reduced 29%. 
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Tab le  21. Data from Sta in less Steel Loops 

Ana lys is  o f  F luor ide  Mix tu re  

I ron Uran i um Loop  A l l o y  Batch Time Metal lographic Examinat ion N i c k e l  Ch ro m i um 

No. Type  No. (hr) H o t  L e g  Co ld  L e g  ( P P d  ( P P d  (PPm) 

Before Af te r  Before Af te r  Before After Before After 

128 316 R-50a 500 

133c 316 500 

134 316 52 500 

403 430 119d 500 

138 410 141 500 

137 446 141 500 

142 430 158 500 

8 mils, intergranular 

1 1  m i l s  

7 mils, heavy; rough 

surface 

Even 

Vel'y rough 

10 mils, voids; rough 

7 mils, l i gh tg  

Cry sta I s 

Depos i t  

Depos i t  

320 <20 <20 1600b 665 110 7.50 9.3 

200 20 35 1300 2100 150 8.80 9.0 

110 800b 260 60 8.81 9.1 30 <20 

230 b 8.99 8.8 Deposi t  <20 <20 75 825 

Layer  and c rys ta lse  <20 <lo 95 800 185 120 9.14 8.8 

Layer  and c rys ta ls f  <20 <20 90 800 155 80 8.53 8.8 

30 500b 55 b 8.80 9.0 Some deposi t  and <20 <10 
cry sta I s 

aFluor ide  27. 
' Individual resu l ts  varied, 

CCleaned on ly  by degreasing. 

d3.0 ppm HF. 
eCrysta ls  53.4% Fe, 12.9% Zr, 4.3% Cr. 

f c r y s t a l s  35.7% Fe, 13.8% Zr, 7.6% Cr. 

gLarge grains and no carbides in h o t  leg, 
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UNCLASSIFIED 
INCHES T-4436 

2 3 1  

UNCLASSIFIED 
T-4435 INCHES 

2 3 

(0) LOOP 138- SECT. IO ( b )  LOOP 137 - SECT. IO 
Fig. 23. Deposits Found in Cold Legs of  400 Series Stainless Steel Loops. (a)  Type 410; ( b )  type 446. 

mass-transferred in these systems, and while the 
loops operated without plugging for 500 hr, the 
rate of  mass transfer is  much too high for use of 
these alloys. 

- 

l ze t t  Iron. - The single instance of a loop 
plugging w i t h  zirconium fluoride-base mixtures 
was found with lzett iron (low-carbon high-purity 
iron) loop No. 47. This loop plugged in 39 hr by 
the formation of balls of  dendritic metal crystals 
(Fig. 24). The hot-leg attack was an even re- 
moval, but the depth could not be determined, 
since considerable oxidation of the outer surface 
also occurred. 

Nickel .  - Two “A” nickel loops operated for 
500 hr with very l i t t le  hot-leg attack. The wall 
surfaces were polished, but the thicknesses were 
s t i l l  within commercial tolerance, so at  least no 
large amount of  metal was removed. Neither 
intergranular nor void type o f  attack was found, 
as shown in Fig. 25. A few metall ic crystals 
were found in the cold leg of  loop 108, but none 
were found in loop 110. In both loops, the nickel 
content of the fluorides remained very low. 

lnconel X. - Attacks of  22 and 19 mils were 
found after circulating fluoride 44 for 1000 hr in 
loops constructed from lnconel X (15% Cr, 9% Fe, 
2.5% Ti, 0.6% AI, 11.0% Mn, 1.0% Cb, bal Ni). 
This i s  slightly deeper than would be found in 
comparable loops of Inconel, but the attack i s  
similar in nature, as shown in Fig. 26. No 
definite deposit was found in the cold leg of  
either loop; however, with loop 170, an area on 
the cold-leg surface 1 m i l  deep etched differently 

Fig. 24. Metol Deposit Token from Cold L e g  of  on 

lzet t  Iron Loop. 

from the remaining material. The fluorides in- 
creased in aluminum and chromium concentration 
but not in titanium. 

Molybdenum and Niobium. - Although, because 
of fabrication difficulties, i t  does not seem l ikely 
that they can be used immediately for reactors, 
molybdenum and niobium show considerable 
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Fig. 25. Hot  L e g  of a N icke l  Loop. 250X. Reduced 

33%. 

promise of  future use as containers for molten 
fluorides. Low corrosion rates have been found 
with both metals. Both these metals are di f f icul t  
to weld and must be protected against oxidation. 
In attempting to operate these loops, many 
failures occurred from cracks in the original 
tubing and from welding stresses. 

The molybdenum loops were about half  size, 
being 15 in. in each leg, and were made from 
%-in. tubing. The niobium loops were full-size 
loops but were constructed from &-in. tubing. 
The corrosion data from these loops are tabulated 

NCLASSI FI ED n 
II 

t 

t 

Fig. 26. Hot L e g  of an lnconel  X Loop. 250X. Re- 

duced 37%. 

in Table 22, and typical photomicrographs o f  the 
hot legs are shown in Figs. 27 and 28. No 
evidence of  attack or of  any deposit was found 
in the molybdenum loops. The surface was rough 
and pitted, but as shown in Fig. 27, the same 
condition was present in the original tubing. 
Diff iculty was encountered with the analytical 
determination o f  molybdenum in fluorides, but it 
i s  obvious that the solubility i s  very low. These 
loops were not operated with in-line traps, so a 
final judgment on mass transfer should be re- 
served unti l  this has been done. 

Tab le  22. Corrosion in Molybdenum and Niobium L o o p s  

Loop Time Maximum At tack  Metal  lographic Examinat ion Mo or Nb After 
AI  loy 

No. (h r) (mi ls)  H o t  L e g  Co ld  L e g  ( P P d  

180 

184 

185 

1003 

1002 

760 

76 1 

76 2 

Mo I y bd en um 

Molybdenum 

Mo I y bden urn 

Molybdenum 

Mo I y bden um 

N i o  bi um 

Niob ium 

Niobium 

250" 

843 * 

1000 

424" 

2000 

1000 

695" 

1000 

None 

None 

None 

None 

None 

'/2 
'/2 
1/2 

F e w  p i t s  N o  at tack or depos i t  <1 

N o  at tack or  depos i t  15 

N o  at tack or  depos i t  1 1-40 

N o  at tack or depos i t  250 

N o  at tack or depos i t  12-65 

L i g h t  intergranular No at tack or depos i t  

L i g h t  intergranular No at tack or  depos i t  15 

L i g h t  intergranular Niobium crystals;  no < 1-270 
depos i t  

"Operation terminated because of  leak. 
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The major disadvantage with Hastelloy B i s  
the large amount of  mass transfer found when 
mol ten sodium or sodium-potassium alloy i s  
circulated in it. With the presently proposed 
reactors, it would be highly desirable for a metal 
to have corrosion resistance to both fluorides and 
alkal i  metals. 

Special Alloys. - It has been shown that the 
only metal leached from Inconel was the chromium; 
therefore, in an effort to reduce the attack, al loys 
were made with decreasing chromium concen- 
trations. These alloys were vacuum-melted and 
extruded by the ORNL Metallurgy Division and 
then drawn into $-in. tubing by the Superior Tube 
Company. Fluoride corrosion data from these 
loops are tabulated in Table 24, and representa- 
t ive hot-leg sections are shown in Fig. 30. 

In each case when the chromium in these al loys 
was reduced from the original 15% to about 5%, 
the depth of attack was reduced by a factor of  
3. The reduction was found when the chromium 
was replaced with either iron or molybdenum. 
When the chromium concentration was reduced to 
lo%, erratic results were found. 

Results from another series o f  special loops 
are tabulated in the lower portion of  Table 24. 
These loops were operated to determine whether 
variations in carbon content had an effect on 
corrosion. Loops 366 and 367 were fabricated 
from vacuum-cast metal and contained only 0.01% 
carbon. The attack in both these loops was 
essentially the same as that found in control 
loop 359 made from commercial alloy containing 
0.07% carbon (Fig. 31). 

n Loop After 1000 hr 
d 33%. 

'ound in the hot legs 
!r, possible crystals 
legs. Further work 

i s discrepancy. 
material that was 

3 (28% Mo, 5% Fe, 
e original screening 
ed in short times by 

f i rst  two loops in 
lar manner, but the 
meplacing the Sauer- 

to protect thermo- 

r ial  showing promise 
i shown by the data 
Id cracks to shallow 
bgs, with the cracks 
eceived pipe. Very 
,ack was found with 
lrature from 1500 to 
in operating time to 
! rate o f  attack was 
several loops a few 
were found in the 

). 

Sricated, some mo- 
refore there was a 
niched layer on the 
ass transfer. The 
oops were machined 
The attack found in 
the same as in the 

Special Fue l  Mixtures 

In the last report,' it was pointed out on the 
basis o f  only a few tests that the addition of  
z i rcon i um hydride to a I ka I i-meta I- base mi xtures 
showed promise of  reduced depths of  attack, but 
that unidentified layers had been found on the 
hot-leg surfaces. This type of  work has con- 
tinued, with similar additions being made to 
zirconium fluoride-base mixtures. A large in- 
vestigation into the basic mechanisms in such a 
system has also been carried out by the ANP 
Ch em i s try Section. 

In two series of  tests, various amounts of  
zirconium hydride were added to portions o f  the 
same large batch o f  fluoride 30. The zirconium 
hydride was added to the fluorides in small 



Table 23. Corrosion Data from Hasteltoy B Loops 

N icke l  (ppm) Mo I Loop Time Heat Metal lographic Examination 

( P P d  
Cold L e g  Before After No. (hr) Treatment H o t  L e g  

Rough surface No deposit <20 N o  attack on welds 378 94* 

140 500 Aged 195OOF 2 mils, light; rough 20 10 1 No attack on welds 

153 394* 1 mil, heavy; rough 1.5 mils, intergranular cracks 20 20 

154 1000 1 mil, moderate; rough 1.5 mils, cracks; rough < 20 < 10 

157 736** Aged 1.5 mils, moderate Rough < 10 < 10 1 

156 0 1.5 mils; rough 1.5 mi Is; rough 

158 2000 2 mils, heavy; rough 2 mils, heavy < 20 1 

548 2000 1 mil, moderate 1.5 mils, intergranular 60 < 20 
162 1000 3 mils, moderate; rough 2 mils, intergranular 15 25 15 165OoF 

161 1000 2 mils, moderate; rough 2 mils, intergranular 25 25 10 165OOF 

163 1000 Aged 2 mils, moderate 2 mils, moderate 35 3-135 10 

167 1000 2 mi Is, heavy 1.5 mils, moderate 40 < 20 < 10 

164 1000 Aged 2 mils, moderate 2 mi Is, moderate 35 < 20 < 10 
Fluoride 44 

174 1000 3 mils, heavy; rough 1.5 mils; rough 35 20-60 Metal crystals 

159 2000 2 mi ls  Rough 20 20 < 1  

186 1000 3.5 mils, heavy; rough 2.5 mils; rough; crysta ls  15 <1-70 <5 165OOF 

187 1000 4 mils, heavy 1.5 mils; rough; few crysta ls  <20 < 10 < 20 165OOF 

769 500 1.5 mils; large voids 1.5 mils, voids; metal in trap 5 10 15 Machined internal surface 

Machined internal surface 770 1000 1 mil, heavy; rough No deposit 10 70 

771 1500 2 mils, moderate 2 mils, moderate 10 <10 Machined internal surface 

*Operation terminated because o f  leak. 
**Operation terminated because of  power failure. A w 
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Fig. 29. Effect o f  Time and Temperature of Operation on Attack in Hastelloy B. (a)  As received; ( b )  500 hr at 
150OOF; (c) 1000 hr at  150OOF; ( d )  2000 hr at 150OOF; (e) 1000 hr at 165OOF. 250X. Reduced 30%. 
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Table 24. Corrosion Data from Modified Inconel-Type Al loys 

Chromium Concentration 
in Fluorides 

Al loy Composition (%) Time Attack Loop 

No. Cr Fe N i  Other (hr) Intensity Depth (mils) 
( P P d  

520 17.6 6.8 75.9 1000 

522 9.8 14.5 75.6 823a 

523 9.8 14.5 75.6 1000 

524 4.8 19.8 76.1 647 

525 4.8 19.8 76.1 460a 

526 9.8 6.7 83.4 1000 

527 9.8 6.7 83.4 1000 

52 1 6.0 10.1 74.4 Mo, 9.8 1000 

472 6.0 10.1 74.4 Mo, 9.8 500 

529= -15 -7.5 '"76 1000 

366 15.0 7.3 78.1 C, 0.01 500 

367 14.7 7.2 78.1 C, 0.01 500 

35gC -15 -7.5 '"76 C, 0.07 500 

Heavy 

Heavy 

Heavy 

Mod era te 

Heavy 

Moderate 

Heavy 

L igh t  

L igh t  

Heavy 

Moderate 

Heavy 

H ea vy 

1 3 8  

8 

12 

3 

3 

13 

15 

2 

3 %  

3% 

3% 

12 

4 

doperation terminated because of leak. 
boperation terminated because of power fai lure. 

CCommerci a1 In conel. 

1000 

580 

500 

400 

300 

6 50 

6 50 

450 

300 

550 

950 

850 

850 

C 

Fig. 30. Typical  Hot-Leg Sections from Loops o f  Modified Inconel-Type Alloys. ( a )  6Cr-10.1 Fe-74.4Ni-9.8Mo; 
( b )  4.8Cr-19.8Fe-76.1Ni. 250X. Reduced 21%. 
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Fig. 31. Comparison of Attack in Commercial and Low-Carbon Inconel. ( a )  Commercial Inconel, 0.07% C; 
( b )  low-carbon Inconel, 0.01% C. 250X. R e d u c e d  30%. 

charge pots, and after being agitated at  130OOF 
by helium, the mixture was transferred to the 
loops through grade G Micro Metall ic filters. The 
metallographic data from these loops are tabu- 
lated in  Table 25, with the chemical data in  
Table 26. These data show that a gradual re- 
duction in depth of attack was found as the 
zirconium hydride concentration was increased to 
about 0.7%. With larger hydride additions, layers 
of  increasing thickness were found on the surfaces 
of the hot and cold legs, as shown in Fig. 32. 
The deposits attained greater thickness in the 
hot legs. With the use of  a special microspark 
spectrographic method, it was found that the 
thicker layers were predominantly zirconium. 

This technique was not sensitive to uranium; 
so th is metal may have also been present and not 
detected. The shallow attack found in many of  
these loops i s  not the usual subsurface void 
type of  attack. These areas are holes which are 
open to the surface and may have originated as 
scratches or pi ts in the original pipe. 

After operation, the chromium content of 
fluorides to which zirconium hydride had been 
added was always much lower than in similar 
tests without the addition. The chromium gradu- 
al ly decreased with hydride additions up to about 

0.5% but remained low and constant with further 
additions. The uranium concentration was also 
affected by the zirconium hydride additions. 
As the hydride was increased above 0.5%, notice- 
able amounts of  uranium were reduced in the 
charge pots and lef t  on the f i l ters during transfer. 
With a 2% hydride addition, hal f  the uranium was 
lost. With the higher additions, small amounts of  
uranium were also lost during operation of  the 
Io0 p. 

It has been found by the ANP Chemistry Section 
that the action of  the zirconium hydride in re- 
ducing the attack i s  not from purifying the so- 
lutions, as was f irst thought, but i s  by the 
reduction of a portion of the UF, to UF,. 
Attempts were made to determine the UF, content 
of the second series both before and after 
operation; however, the results are in such doubt 
that they are not being reported. From these 
results it does appear, however, that in every 
case the UF, content was reduced to values 
below 1% in 500 hr of operation. 

A comparison of the depths o f  attack from 
loops 413 and 414 shows that the addition of 
small amounts o f  hydride does not stop mass 
transfer. Between 1000 and 2000 hr the rate 
was the same as that found from the time curve 
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Table 25. Metal lographic Resu l ts  from Loops in Which Mixtures Conta in ing ZrH2 Were Circulated 

LOOP ZrH2 Added EE Batch Operating Time 

No. (%I No. (hr) 
Cold L e g  H o t  L e g  

248 

308 

41 3 

414 

46 9 

459 

470 

46 0 

47 1 

800 

787 

788 

0.6 

0.5 

0.2 

0.2 

0 

0.2 

0.5 

0.9 

2.0 

0 

0.4 

0.5 

19 

68 

150 

150 

162 

162 

162 

162 

162 

5 13-4 

51 3-4 

513-4 

500 

500 

1000 

2000 

500 

500 

500 

500 

500 

500 

500 

500 

Moderate at tack to 4 m i l s  

L i g h t  at tack to 2 4  m i l s  

L i g h t  at tack to  7 m i l s  

Heavy at tack to 1 1  m i l s  

1 
Deposi t  

Deposi t  

Heavy at tack to 8 m i l s  

Moderate to heavy at tack to 6 m i l s  

L i g h t  to moderate at tack to 3 m i l s  

Thin deposi t  

No deposi t  

Deposi t  

Deposi t  

Deposi t  

Deposi t  

No deposi t  

No deposi t  

Scattered deposi t  

Deposi t  to 1 m i l  

Heavy attack to 10 m i l s  

Moderate at tack to 5 m i l s  

Scattered l i gh t  deposit; p i t t i ng  

2 m i l s  

5 13-4 

513-4 

500 

500 

P i t t i n g  1 m i l  Scattered deposi t  

Deposi t  

789 

790 

0.6 

0.7 I n term i tten t d epo s i t; p i  tt i n g 14 m i l s  

1 Deposit; p i t t i ng  1 /2 m i l s  

Deposi t  1 m i l  

50 0 

500 

Deposi t  

Th in  layer 

79 1 

792 

0.8 

0.9 

513-4 

51 3-4 

0 

4 

Fig. 32. Deposi ts  i n  Hot  L e g s  o f  Loops  w i th  Z i rconium Hydr ide Addit ions. (a) 0.8% ZrH2; ( b )  2% ZrH2 (note 

s l igh t  increase i n  thickness). 25OX. Reduced 29.5%. 
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Table 26. Chemical Results from Loops in Which Mixtures Containing Z r H 2  Were Circulated 

Loop ZrH2 Added Uranium (%) Nickel  (ppm) Chromium (ppm) Iron (ppm) 

No. ( Before After Before After Before After Before After 

248 

308 

41 3 

414 

46 9 

459 

470 

46 0 

47 1 

800 

787 

788 

789 

790 

79 1 

792 

0.6 

0.5 

0.2 

0.2 

0 

0.2 

0.5 

0.9 

2.0 

0 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

8.0 

8.9 

8.6 

8.5 

8.5 

8.6 

7.5 

5.4 

4.0 ~ 

8.6 

8.8 

9.3 

8.3 

6.6 

6.5 

6.7 

9.0 

8.7 

8.9 

8.7 

8.9 

8.6 

7.0 

5.1 

4.1 

8.5 

8.5 

7.5 

6.6 

6.2 

6.3 

6.3 

1590 

< 20 
< 10 
<10 

25 

40 

10 

35 

< 10 
20 

15 

3 

15 

40 

70 

30 

< 20 
<20 

< 10 
< 10 
10 

< 10 
40 

< 10 
15 

40 

30 

270 

<1 

15 

<1 

<1 

40 

30 

170 

130 

90 

75 

30 

20 

60 

105 

85 

15 

35 

25 

35 

35 

350 

100 

200 

250 

700 

200 

90 

35 

45 

850 

110 

65 

60 

90 

65 

40 

710 100 

55 40 

150 45 

85 50 

55 70 

90 70 

50 70 

65 60 

55 45 

30 90 

95 45 

50 85 

75 65 

30 85 

75 90 

45 85 

(Fig. 6). The actual depths are less in both 
cases, showing that some reduction in attack had 
occurred in the early stages. While the rate of  
mass transfer i s  the same, the chromium concen- 
trations of the fluorides are much less with the 
additions. This low value did not increase in the 
1000 hr of operation even with the mass transfer. 

While zirconium hydride w i l l  reduce the depth 
of attack, i t does not reduce the rate of  mass 
transfer. Unless the compositions are con- 
trolled very closely, uranium wi l l  be lost from the 
system both before and during operation. I f  such 
a system were to be used, the deposits in both 
legs would have to be studied in detail. 

After it was found that the formation of  UF, 
was responsible for the reduction o f  attack with 
zirconium hydride additions, work was started 
on batches with a portion of  the uranium present 
as UF,. The program consisted of  both corrosion 
loops and a study of solubi l i t ies and equilibriums 
in such systems. 

The most striking feature of th is study was the 
inabi l i ty to obtain reproducibility in the results. 

Diff iculty was encountered in making batches 
containing known and predetermined amounts o f  
UF, and in developing a suitable method o f  
analyzing such mixtures. 

The hot-leg attack was replaced by thin de- 
posits in the f irst three loops, which circulated 
batches made under carefully controlled con- 
ditions in the laboratory (Table 27). Two of  
these loops operated for 500 hr and the other for 
2000. These loops a l l  operated with low total 
uranium concentrations and therefore high UF, 
to UF, ratios. The hot-leg layer in the 2000-hr 
loop was identified as zirconium by the micro- 
spark spectrographic procedure. To show the 
layers were formed during operation and not 
during cooling, a loop was drained after 500 hr 
of operation and while s t i l l  at temperature. This 
loop also showed no attack and the presence of  a 
zirconium layer. 

The solubility of UF, in the zirconium fluoride- 
base mixtures i s  not sufficient to provide the 
concentration necessary for reactor operation; 
therefore i t  would be necessary to use mixtures 
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Table 27. Corrosion Data from Loops w i th  Zirconium Fluoride-Base Mixtures Containing UF3 

Analysis o f  Fluor ide Mixture 
Metal lographic Examination 

No. No. (hr) H o t  L e g  Cold L e g  

EE - 
u+++ (%) 

Loop Time 
Batch N icke l  (ppm) Chromium (ppm) Iron (ppm) Uranium (%) 

Before After Before After Before After Before After Before After 

438 
443 
457 

473 

488 

49 1 
492 
503d 
508 
627 
6 28 
633 
634 
635 

6 36 

683 

690 

78 1 

782 
784 
785 

786 

L a b  
159 
F-2 

F- 4 

B- 85 

F-5 
F-5 
B-89 
207 
426R F 
427R F 
420R F 
422RF 
424RF 

430R F 

423R F 

432R F 

371 

3 72 
373 
372 

373 

500 Deposit 
500 0.4-mil deposit 

mil; rough; no 
attack 

mi ls  

mi ls  

500 Heavy, 7 mi ls  

2000 Heavy, 1 5 m i l s  
500 Depositb 

500 No attack 

2000 Layer, 0.5- 

500 Moderate, 5 

2000 Moderate, 7 

1000 Heavy, 8 mi ls  

1000 Heavy, 10 mi ls  

500 Heavy, 10 mi ls  

500 Heavy, 8 mi ls  

mi ls  

mi ls  

mi ls  

1000 Heavy, 10 mi ls  

1000 Moderate, 7 

1371e Moderate, 9 

500 Moderate, 7 

500 Moderate, 9 
mi ls  

500 Heavy, 9 mi ls  
500 Heavy, 7 mi ls  

1500 Moderate, 12 
mi ls  

1500 Heavy, 9 mi ls  

In term i ttent deposit 

Occasional crystals 

Thin deposit 

Deposit 

1-mil deposit 

No deposit 
0.5-mi I deposit 

1-mi I deposit 

Thin Cr deposit 

lntermi t tent deposit 

Deposit 

Th in  deposit 

No deposit 

Rough; no deposit 

1-mil attack; no 

Deposit 

deposit 

No deposit 

No deposit 
Deposit 

No deposit 

10 
20 
10 

10 

15 

30 
10 
40 
10 
15 
10 
25 
35 
60 

15 

25 

40 

7 

10 
20 
10 

35 

10 
10 
5 

20 

10 

20 
10 
15 
C 

20 
20 
20 
20 
20 

20 

1-45 

20 

40 

25 
25-185 

10 

20 

10 
20 
10 

30 

60 

70 
35 
30 

26 0 
50 
45 

100 
65 

100 

40 

140 

190 

75 

75 
60 
75 

60 

30 
40 
80 

125 

9OC 

180 
250 
35 
60 

200 
225 
575 
300 
200 

250 

225 

275 

700 

390-525 
200 

305-485 

200-600 

95 
75 

120 

40 

40 

30 
40 
80 
50 
40 
35 
65 
40 
80 

80 

25 

40 

40 

50 
45 
50 

40 

60 2.79 3.0 
60 5.8 5.3 
75 2.8 2.6 

45 8.7 8.3 

60 8.7 8.8 

50 12.8 13.2 
40 14.2 13.2 
60 2.4 2.5 

l o o c  10.4 9.7 
40 9.0 8.9 

100 8.7 8.7 
35 11.8 11.4 
60 8.8 8.7 
50 8.9 9.7 

50 8.4 9.1 

40 9.0 8.4 

40 7.7 8.3 

55 9.5 9.6 

85 9.8 10.2 
70 10.7 11.2 
85 9.9 11.2 

95 10.6 9.6-11.6 

a 
1.5 
1.6 

1.2 

2.5 
1.8 
2.2 
4.3 
1.2 
0.8 
1.4 
1.3 
2.0 

0.6 

1.4 

1.3 

0.1 

0.3 
1.5 
0.1 

1.1 

2.0 

0.7-2.8 
1.0 

0.6-3.3 
0.4 
0.2 
0.7 

0.5-1 -4 
0.4-1 e2 

0.3 

0.6-1.0 

0.4 

0.1 

0.1 
0.4-1 -0 
0.1-0.4 

0.4 

aAll UF3. 
bZirconium layer. 

Clndividual results varied. 

dLoop drained whi le hot. 

eOperation terminated because of power failure. 





T a b l e  28. Corrosion Data from A l k a l  i-Metal-Base F luor ides  Containing UF3 

A n a l y s i s  o f  Fluor ide Mixture 
Metal lographi c Examination 

H o t  L e g  Cold L e g  

EE Operat ing 

No. (h r) 

Time N i c k e l  (ppm) Chromium (ppm) Iron (PPm) Uranium (ppm) u+++ (X) Loop 

No. 
Batch 

Before After Before After Before After Before After Before After 

1.8 0.9-2.8 499 271 500 Heavy attack, 13 m i l s  1 m i l  deposi t  80 1-100 35 650 60 100 11.0 9.9 

500 274 1000 Heavy attack, 13.5 m i l s  0.5 m i l  deposi t  45 45 25 75-1175 70 75 11.0 10.5 1.5 0.7 

504 302CS 500 Rough; intergranular 0.1 m i l  deposi t  190 75 25 50-280 70 120 11.3 10.2 3.9 0.7 
attack, 2 m i l s  

505 276RF 1000 Heavy attack, 13 m i l s  2.5 m i l s  deposi t  50 40 45 400 1 70 10.7 10.6 2.6 0.6 

30 25-1880 65 100 11.6 11.3 0.7 0.5-2.6 506 277 1000 Heavy attack, 8 m i l s  1 m i l  deposi t  15 20 

507 272 500 Heavy attack, 11 m i l s  0.5 m i l  deposi t  215 40 60 200 135 90 11.9 11.2* 2.4 0.6 

0.7 0.5-3.5 509 208 500 Heavy attack, 2 m i l s  0.2 m i l  deposi t  35 20 35 60 6.9 7.1 150 175* 

1.2 0.7 11.4 11.1 60 511 284RF 500 Heavy attack, 13.5 m i l s  0.5 m i l  deposi t  860 10 65 890-1100 115 

528 189RF 2000 Very heavy attack, 25 0.5 m i l  deposi t  25-90 8 16-1450 90-265 11.0 0.9-1.7 
mi ls  

589 405RF 500 Layer to 0.5 m i l  Deposi t  30 20 40 50 95 125 7.9 6.3-7.7 4.7 0.7 

590 407RF 500 Heavy deposi t  Deposi t  75 40 55 55 125 50-160 10.8 9.8 7.7 1.1 

592 321CS 1000 1 mi l  deposi t  0.5 m i l  deposi t  110 90 55 50 165 70 10.9 10.5 5.2 1 .o 
591 225CS 500 L i g h t  attack, 2 m i l s  Th in  deposi t  65 100 60 25 140 75 11.5 11.5 1.7 0.7 

593 322CS 1000 1 m i l  deposi t  0.5 m i l  deposi t  45 85 75 15 80 80 13.8 10.0 5.6 0.9 

594 412RF 1000 2 m i l s  attack 0.3 m i l  deposi t  60 100 115 70 70 12.6 10.7 2.0 0.7 

595 319CS 500 1 m i l  deposi t  0.5 m i l  deposi t  30 65 35 20 75 130 11.0 10.0 5.3 1.3 

596 320CS 500 1 m i l  deposit 0.5 m i l  deposi t  110 115 40 15 130 130 10.7 10.6 5.8 1.4 

625 323CS 500 0.5 m i l  deposi t  0.3 m i l  deposi t  60 5-105 40 35 140 80-195 13.2 12.6 2.9 0.9 

626 328CS 500 L i g h t  attack, 1% m i l s  0.3 m i l  deposi t  10 100 40 35 120 85 11.2 11.2 1.5 0.9 
(Cr) 

708 461 1000 Moderate attack to  Deposi t  

2 mils; intermit tent  

layer 

1 120 25 50-160 60 80-665 12.0 11.7 0.7 

c J 

0.9 0.2 793 496 500 Heavy attack, 2 m i l s  T h i n  deposi t  155 20-165 20 20-200 150 70-885 12.9 12.5 

*Average value; resu l ts  varied. 



Fig. 33. Typical  Hot-Leg Sections from Loops Circulating Alkali-Metal Fluorides with Small Amounts o f  
Trivalent Uranium. (a) 1.7% U+++, 500 hr at 150OOF; ( b )  2% U+++, 1000 hr at 150OOF. 250X. Reduced 29.5%- 
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c 

Fig. 34. Typical  Hot-Leg Sections from Loops Circulating Alkali-Metal Fluorides with Larger Amounts of 

Trivalent Uranium. (a) 5.3% U+++, 500 hr at  150OOF; ( b )  5.6% U+++, 1000 hr at 15OO0F. 250X. Reduced 30% 

REACTIONS AND MECHANISMS 

The mechanism for formation of the holes 
below the surface of  the Inconel hot-leg wall and 
evidence that they are voids were presented in 
the previous report and so w i l l  only be summarized 
here. 
1. Chromium i s  leached from the hot-leg surface 

by chemical action. 
2. Since the metal surface i s  depleted in chro- 

mium, a gradient i s  established and chromium 
diffuses to the surface from the areas under- 
neath the surface. 

3. Since nothing diffuses inward to replace the 
chromium, vacancies occur in the area below 
the surface. 

4. The vacancies collect in areas o f  discon- 
tinuity and weakness, such as the grain 
boundaries, and form the voids. 

5. The voids concentrate and grow in size with 
increasing time or temperature. 

It was shown that with the zirconium fluoride- 
base mixtures, chromium is  s t i l l  the major 
ingredient leached from the wall. The holes have 
the same appearance and change in a similar 
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manner, and the same mechanism of hole formation 
is  thought to apply. The fact that the holes grow 
and concentrate with time i s  additional evidence 
that they are voids. I f  they contained fluorides 
they would have to connect to the surface and 
have appreciable size; it does not appear possible 
for the fluorides to move through the metal and 
collect at  a few larger sites; vacancies can move 
but not fluorides. 

The study of  the chemical reactions by which 
the chromium i s  removed from the hot-leg surface 
i s  s t i l l  the object of a large effort by the ANP 
Chemistry Section. This Section studied the data 
from the thermal loops and also worked with 
laboratory experiments. A detailed and complete 
report on these reactions w i l l  be the responsibility 
of that Section. In this report, these reactions 
w i l l  be discussed only briefly and where they 
are indicated by the loop data. Some of the 
reactions discussed here were worked out in the 
ch em i ca I experiments. 

With the relatively impure alkali-metal-base 
mixtures previously reported, ’ a large portion of  
the attack found in the 500-hr tests was caused 
by the impurities. Analyses of  the batches used 
for the loops described in this report, combined 
with the corrosion data when known additions 
were made, show that this i s  no longer true; only 
a small part o f  the attack may now be attributed 
to the known impurities. 

In spite of  the purity of  the fluorides, the 
attack i s  s t i l l  rapid at f i rst and then continues 
at a slower rate. The chromium in solution also 
increases rapidly at f i rst but then remains 
constant with increasing operating times. The 
second stage of the process, in which the attack 
continues but the chromium concentration in the 
fluorides remains constant, i s  the mass transfer 
phase of  the attack. The first, rapid stage i s  
caused by the system reaching equilibrium. Any 
reactions from impurities and the dissolving of 
enough chromium to reach equilibrium concen- 
trations are thought to be the major contributors. 
The unexplained variations in depth of attack in 
a period of  500 hr point to additional, as yet 
unknown, reactions also occurring during this 
period. 

The main reaction contributing to the mass 
transfer i s  

2UF, + CrF, e 2 U F ,  + Cr 

The equilibrium concentrations for this reaction 

are of  the proper order and direction to cause 
mass transfer to occur. No evidence of a similar 
mass transfer reaction in fluoride mixtures with 
zirconium and uranium has been found. The 
equilibrium concentration of CrF, in these mix- 
tures is  too low to be determined analytically; 
therefore mass transfer reactions involving this 
compound must be of very minor importance. 

With the reaction shown above, the rate-con- 
trol l ing step in the process has not been de- 
termined. That it i s  not the diffusion of chro- 
mium through the wall to the loop surface i s  
shown by the magnetic etching studies. The 
chromium gradient is steeper during the in i t ia l  
stages than it i s  during the mass transfer stages. 
After the rapid attack, the chromium diffuses to 
the surface faster than it i s  removed and thereby 
evens out the gradient somewhat. This would not 
be the case i f  the diffusion step was the rate- 
controlling step. The fact that the depth of 
attack was doubled when two batches were circu- 
lated in the same loop for 250 hr each i s  evidence 
that the chromium diffusion rate i s  not controlling 
even during the rapid in i t ia l  attack. For mass 
transfer to continue, the chromium must diffuse 
into the cold-leg wall. The suggestion has been 
made that this step i s  controlling; however, no 
evidence of any chromium-rich layer on the cold- 
leg surfaces has been found in any long-time 
loops. Any chromium metal had always been 
found in the cold-leg trap, where it i s  essentially 
removed from the system. Tracer tests are now 
in progress to provide a better answer to this 
question. 

The mass transfer reactions with the barren 
mixtures are not as well understood. They are 
the same type of reactions, since the hot-leg 
attack is  similar but not as heavy, and chromium 
metal has also been found in the cold-leg traps 
of these loops. The most l ikely reactions are 

CrF, + 2Na -2NaF + Cr 
+ 

or 
3CrF, A --.2CrF, + Cr 

In either case, it would be an equilibrium 
reaction. 

The addition of UF, to these mixtures com- 
pletely changes their reducing power and equi- 
librium concentrations. The chromium is  not 
taken into solution as rapidly, and smaller 
amounts are left  in the cold leg on each cycle. 
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