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FOREWORD

The corrosion data reported herein are an extension of the data given in the com-

panion report Interim Report on Corrosion by Alkali-Metal Fluorides: Work to May 1, 1953

v (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 will not be repeated here. The period covered by this report is approximately from

July 1952 to June 1956.
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INTERIM REPORT ON CORROSION BY ZIRCONIUM-BASE FLUORIDES

G. M. Adamson R. S. Crouse W. D. Manly

ABSTRACT

(:rhe zirconium fluoride=base fluoride mixture NaF-ZrF 4-UF 4 (50-46-4 mole %), referred to as ‘“‘fluaride 30,""
was circulated in Inconel thermal convection loops for periods varying from 500 to 5000 hr ond ot o hot-leg tempera-
ture of 1500°F. The purpose of this program was to develop an understanding of the corrosion mechanism ac-
companying the circulation of zirconium fluoride—base mixtures in Inconel,

The attack in the Inconel loops was in the form of subsurface voids formed by selective leaching of chromium
from the alloy. After 500 hr of operotion the voids were found to depths of about 10 mils, with the depth continuing
to increase at a rate of about 4 mils per 1000 hr of operation. The effects of such variables as time, hot-leg temper-
ature, temperature drop, fluoride purity, loop size and shape, and inhibitors on the depth of carrosion were studied.

It wos found that the attack was reduced when a portion of the uranium was present in the trivalent state, but the

|

results were not reproducible. ) —
Also, o few tests were carried out in loops constructed from nickel, stainless steels, iron, Hastelloy B,
molybdenum, and niobium.
A limited amount of work was done on Inconel loops circulating alkali metal~bose mixtures (NaF, LiF, KF,

UF4] with portions of the uranium in the trivalent state. Reduced ottacks were found, but disproportionation and

production problems require additional study.

CONCLUSIONS

From the data presented in this report it may be
concluded that molten mixtures of NaF, ZrF,, and
UF, may be circulated for several thousand hours
in low-velocity nonisothermal Inconel systems.
After 2000 hr of operation the corrosion depth in
such a system will be deeper than desirable but
will still not be excessive. A depth of about
0.010 in. will be reached in 500 hr; after this the
depth will increase at a rate of 0.004 in, per
additional 1000 hr of operation.

The corrosion of the Inconel tokes place by
selective leaching of chromium metal from the
hotter surface of a nonisothermal system. The
removed chromium is reploced on the surface by
diffusion from the center, but since no inward
diffusion takes place, voids form under the
surface of the metal.

The principal removal reaction is

2UF4 + Cr — 2UF3 + CrFy

occompanied by the reverse reaction to form
chromium metal in the cold leg. With short
operating times a large portion of the attack
takes place by enough chromium being leached
from the wall to reach the equilibrium concen-
tration necessary for the mass transfer reactions

to take ploce. It is known that other mass
transfer reactions may occur when the uranium is
not present, and these may also be of secondary
importance when uranium is present, Neither
the nature nor the location of the rate-controlling
step has been determined. The diffusion of
chromium to the hot-leg surfoce has been shown
not to be controlling.

With present production techniques for the
fluoride mixtures, the nickel, iron, and hydrogen
fluoride impurities are reduced to levels where
they no longer ploy a vital part in the corrosion
mechanisms; however, if they are present in the
zirconium  fluoride—base mixtures, they will
cause attack in the loop hot legs.

The most important variable controlling the
depth of corrosion is the maximum wall temper-
ature.  The wall temperature is more critical
than the maximum average bulk fluoride tempero-
ture. While wall temperature is important, it must
be a relative temperature; appreciable ottack is
found only at the hottest point in a loop no matter
what the actual temperatures are, Variables of
secondary importance are uranium concentration,
loop size and shape, and temperature drop.

The replacement of a portion of the UF, content
of a batch with UF,, either in the production



procedure or by the addition of reducing agents,
will provide reduced depths of attack. The UF,
has only a limited solubility in zirconium fluoride—
base mixtures, so all the wuranium cannot be
present in the trivalent form. These mixtures are
difficult to control during production, and dis-
proportionation of the UF; may occur, causing the
formation of hot-leg deposits.

While Inconel is on acceptable material for
present reactors, it will not be adequate for
future larger reactors. With zirconium fluoride—
base fluoride mixtures at 1500°F, niobium, mo-
lybdenum, and Hastelloy B show promise as
future reactor materials. Some reduction in depth
of attack may be obtained in alloys similar to
Inconel but with reduced chromium concentration.
The stainless steels did not plug with these
fluoride mixtures, as they did in the case of the
alkali-metal-base fluoride mixtures, but they still
are not as good as Inconel,

The addition of UF, fo alkali-metal-base fluoride
mixtures alsc resulted in a reduction in depth of
attack in Inconel loops. The solubility of UF,
is higher in this system, but mixtures of UF,
and UF ; were still necessary. While this mixture
shows promise for future use, production and
disproporﬁonmion problems remain to be solved,

EXPERIMENTAL METHODS
Equipment

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 of pipe of
the same size as that used for the loop itself.
The fill line and spark plug probe entered the
sides of this pipe through Swagelok fittings, A
typical loop is shown in Fig. 1. Most of the loops
were constructed from |PS B/B-in. sched~-10 pipe,
but, if this was not available, IPS I/2\-in. sched-40
pipe was used as an altemate, No changes were
made in the auxiliary equipment.

Procedure

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

6. M. Adamson, 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).

work,! except for the addition of a cleaning step,
which consisted in circulating another batch of
fluorides for 2 hr before the loop was filled with
the test mixture,

All the molten fluorides used in this study were
mixed and purified by the ANP Chemistry Section
of the Materials Chemistry Division.? The
purification procedure included treatment with
both hydrogen fluoride and hydrogen goses 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 |b, to 250 Ib; however, for
handling and use, these batches were subdivided
into 50-Ib 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, it was held under a positive
helium pressure at all 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 fill pot.
The rate of transfer was controlled by adjusting
the difference between these pressures,

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

After the loop had operated for the desired
time, the power was turned off and the liguid
allowed to freeze in place. The loops were then
sectioned as shown in Fig. 2, The material was
melted out of the 2-in. sections in an inert-atmos-
phere fumace; the pipe sections were sent for
metallographic examination, and the fluorides for
chemical analysis. Sections 1A, 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, if they had not been used, they
were sent fo salvage.

°E. F. Joseph et al,, Aircraft Nuclear Propulsion
Fluoride Fuel Preparation Facility, ORNL CF-54-6-126
(June 1, 1954).
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Fig. 1. Thermal Convection Loops.
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Fig. 2. Location of Metallographic and Chemical Samples. Standard loops.



The amount of attack was determined by
metallographic examination.  Uncertainties in
the original pipes, in cleaning the surfaces after
operation, and in determining losses from extesmaol
oxidation prevented the use of weight loss data.
The depth of attack was determined by the depth
of the deepest void formation found metallographi-
cally in a traverse of an entire circumference of a
section, Other than classifying the intensity as
moderate, heavy, etc., no attempt was made fo
determine the amount of the attack. Typical
sections of each type are shown in Fig. 3. Wall
thicknesses were measured microscopically, and
it 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
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Light; (b) moderate; (c) heavy, 250X. Reduced 29%.

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

The fluoride mixtures used in this study are
referred to by number, identified in
Table 1,

ond are

RESULTS AND DISCUSSION

Fluoride 30 in Inconel 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 225°F,

general groups,

They fall info two
The first group were operated
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Photomicrographs Illustrating Vorious Intensities of Attack as Reported for Fluoride Corrosion. {a)



Table 1. Compoesition of Molten Fluoride Mixtures

Eluoride UF, NaF - ZrF,

Ne. Weight % Mole % Weight % Mole % Weight % Mole %
27 10.9 4.0 16.7 46.0 72.4 50.0
30 1.4 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 outline the problems
to be encountered with this mixture or as control
loops for some of the early studies, These loops
were not precleaned, and close contrel of con-
ditions had not yet been established, The second
group were run as controls for later studies, and
all were precleaned., While some scatter in re-
sults still exists in this second group, the
reproducibility, especially during the flueride
production, was much better than was found in
the early loops. The data for the first group are
tabulated in Table 2 and those for the second
group in Table 3.

It is apparent from Table 2 that a variation in
maximum depth of attack from 5 to 18 mils was
from supposedly duplicate loops. With
many of these loops the iron and nickel impurity
concentrations of the original fluorides were also
high, but the maximum depth of attack did not
vary in a systematic manner with these concen-
trations. Another cause of variation in attack
was an undetermined amount of hydrogen flucride
left in the fluoride mixture from the purification
process.  This hydrogen fluoride would 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 waos ovailable 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 tobulated in Table 3 were those in
which the controlled fluoride batches were circu-
lated. While considerable variation is still
found in the maximum depths of attack, it is not
as great as in Table 2,

found

The loops in Table 3 are tabulated approxi-
mately in the order in which they were filled or
in order of time. |f this table is divided into
quarters and average moximum ottacks calculated
tor each quarter, it may be noted that the depths
of attack are higher at the end, that is, that the
attack is gredually 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. As a
comparison, the average in Table 2 was 10.1 mils.
The poorer control of production with the large
batches was responsible for some of the increase
but not for all of it, since the trend wos a gradual
one, Neither the other causes of this 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
of the loops in Table 2 is higher than after
operation of those tabulated in Table 3, there
oppears also to be a reduction in intensity of
attack over the entire loop with the controlled
batches.

In an effort to determine whether air contami-
nation during filling or operation could be re-
sponsible for the variation in ottock, o series of
loops were operated with fluoride batches which
had been deliberately contaminated. Loops were
operated under three conditions: (1) with helium
pressure only during filling, (2) with no protective
atmosphere combined with a small air leak, and
(3) with a l-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



Toble 2. Data from Preliminary Control Loops®

Eluoride Mixture Analysis of Fluoride Mixture
e il /T PE— i Nickel (ppm) Iron (ppm) Chromium (ppm) Urenium (%)
o No. No. sty Rephlel e Me B A B e Bee e
234 27 Lab Light 5 530 <30 4100 600 1460 1900 8.3 9.2
236% 27 Lab Moderate 10 610 <30 2900 1000 1070 2400 7.9 9.2
244 27 Moderate 9 140 <20 540 100 <20 1450 8.2 9.0
245 27 Moderate 12 340 <20 340 100 75 1500 8.4 5.3
261 30 Lab Moderate 6 <20 150 950
273 30 Moderate 10 <20 60 860 175 160 1200 8.6 9.0
272 30 Moderate 16 720 30 520 200 45 1350 8.3 7.0¢
283 30 d Heavy 15 1100 40 740 100 100 2800¢ 4.6 5.1
280 30 EE-58  Heavy 8 85 <20 430 50 <20 1000 8.6 9.7
287 30 EE-59  Heavy 13 30 20 520 60 <20 1450 8.8 9.1¢
282 30 e Moderate 9 40 <20 520 30 <20 1100 8.9 8.9
289 30 EE-59  Heavy 8 95 20 620 60 230 900 8.8 9.5
295/ 30 EE-63  Heavy 6 145 <20 625 30 <20 1100 8.8 9.4
296 30 EE-53  Heavy 8 40 20 470 45 90 1050 8.9 9.1
284 30 d Heavy 12 500 <20 1000 40 1450 1400 9.0 9.2
310 30 R-110/  Haovy 9 40 <20 265 50 <20 900 8.6 9.0
307 30 ¢ Hegvy 5 90 <20 235 30 <20 1100 9.0 8.8
298 30 EE-68  Heavy 9.5 40 <20 550 25 100 1100 8.6 8.9
343/ 30 EE-106 Heavy 18 75 <20 210 50 890 1500° 9.0 8.9
324% 30 EE-92  Heavy 15 60 <20 c 45 250 1300 8.6 8.9
345/ 30 EE-113  Heovy 6 40 <20 65 45 120 600 9.0 9.2
326 44 EE-114  Heavy 7 750 <20 500 65 250 1100 14.4 14.0°
381 44 EE-140  Heavy 10 <20 <20 175 120 50 700 14.6 12.0¢
387 44 EE-145  Heavy 16.5 <20 <20 395 90 135 700 15.3 15,55
10 (av) 1190 (av)

“All loops circulated o zirconium fiueride mixture for 500 hr with o hot-leg temperature of 1500°F and a cold-leg temperature averaging 1300°F,
Loop treated with hydrogen.

“Considerable sprecd was found in the individual values.

dAs melted.

“Made in grophite.

Loop cleaned with flucride mixture 31,




Table 3. Data from Control Loops”

Fluoride Mixture Anclysis of Fluoride Mixture

Loop E EE Attack = = = = b
Ne. Fluoride Nickel (ppm) Chromium (ppm) Iren (ppm) Uranium (%) HF
N Batch Intensity Depth (mils)
H bl Before After Befare After Before After Before After

352 30 ne Moderate 55 <20 <20 50 450 110 60 8.8 9.4

353¢ 30 19 Heavy 3 <20 <20 50 600 130 75 8.8 9.1 3.6
36()"11 30 19 Heavy 4.5 <20 <20 100 600 100 70 8.7 9.0 L7
380/ 30 141 Heovy 7 <20 <20 95 700 185 90 8.7 8.9

382 30 155 Heavy 10 <10 <10 70 800° 65 90 8.6 8.6 2.2
383 30 150 Heavy 9 <10 <10 115 900 95 90 9.0 8.5 241
384 30 150 Heavy 12 <20 <10 75 950 130 85 8.4 8.6 1.1
421 30 150 Heavy 5 <10 <10 100 B0OO 110 300¢ 8.8 8.6 3.0
435 30 160 Heavy 8 <10 <10 &5 400 40 70 8.6 8.8 2.5
440 30 158 Heavy ? <10 <10 60 500 40 &0 8.6 9.2
442 30 155 Heavy 10 <10 <10 80 800 150 60 8.5 8.6 4.6
4449 30 158 Heavy 8 120 <10 90 400 85 70 8.9 9.5 6.7
469 30 162 Heavy 8 25 15¢ 90 700% 55 70 8.5 8.8 0.9
462 44 203 Heavy 10 35 <10 35 400 50 45 13.9 13.7° 2.8
463 44 203 Heavy 10 5 |- <10 30 475 50 45 13.2 13.5¢ 2.5
540 30 188-1 Heavy 11 10 15 40 520 30 80 8.5 8.6 2.1
545 30 198 Heavy 11 40 <10 70 400 65 70 9.5 8.8 1.7
571 30 232.8 Heavy 5 25 25 55 900¢ 165 e 8.6 B.6
554 30 188-7 Heavy 1 30 <10 80 600 90 60 8.5 8.6 2.7
570 30 232-8 Meoderate 9 20 25 75 850 70 100 8.2 8.8 1.2
577 30 228-12 Heavy 9 40 40 45 850 85 80 B.9 9.2 0.5
586 44 239-3 Heavy 12 6 <10 50 800* 45 90° 14.0 13.7 0.5
607 44 241 Heavy 12 50 50 65 700 95 80 14.0 14.3 0.1
608 44 241 Heavy 8 25 50 50 700 80 75 14.1 14.1 0.1
609 30 2231 Heavy 2.8 <1 20 50 e 145 40 8.9 2.1 0.7
610 30 22341 Heavy 1 <1 20 S0 1000 145 50 8.9 8.7 0.7
651 30 513-4 Heavy 9 10 e 110 800 75 70 B.3 8.4 1.0
684 30 246-1 Heavy n 15 10 55 9200 255 50 8.9 2.1 1.2
685 30 246-1 Heavy 14 5 5 60 700 30 40 8.9 2.0 1.3
686 30 246-1 Heavy 9 15 10 80 775 60 15 8.8 9.0 1.5
698 30 434-R Moderate 10 9 10 40 800 105 55 B.6 8.9 1.5
700 30 246-4 Heavy 13 5 25 45 625 120 65 8.9 9.1 1.9

2.1 (av) 675 (ov)

“All loops circuloted a zirconium flueride mixture for 500 hr with o hot-leg temperature of 1500°F and o cold-leg temperature averaging 1300°F.
PRelative readings on Solubridge ofter bubbling 2 liters of helium through bath and then through boric ocid.

“Mo cleaning.

dNg trap.

“Individual results vary.

Icurved loop.
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that found in the control locops. The other two
loops developed maximum depths of attack within
the usual spread. However, in loop operation
there is only a remote possibility that develop-
ment of a leak and failure of the protective gas
system would occur simultaneously,

When the gradual increase in attack become
apparent, loops 684, 685, and 686 were filled on
the same day from the same batch of 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 still 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 illustrate the distribution of attack around
the loop ond to support the procedure of 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 little 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 will be discussed in more detail
below (‘“‘Effect of Temperature''). The three
samples from under the upper half of the top
heater checked each other very well,

Operating Time. — Since thermal loops have no
moving parts or mechanical seals, they are ideal
for long-time operation. The limiting feature in
such loops is the life of the heating elements,
which can be replaced during operation only with

Table 4. Metallographic Examination of Sectioned Loop 833

Section No. Metallographic Notes

1 Heovy surface pitting to 0.5 mil with heavy intergranular
subsurface voids to 12 mils

1A Heavy surface pitting to 0.5 mil with heovy intergranular
subsurfoce void formation to a depth of 11 mils

2 Heavy surface pitting to 0.5 mil with heovy intergranular
subsurface voids to 9 mils

3 Light, shallow surface roughening

4 Moderate surface pits to 0.5 mil

5 Light, shallow surfoce roughening

6 Moderate surfoce pits to 0.5 mil

7 Some as section 6

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

9 Heavy surface pitting to 1 mil with intergronulor subsurfoce
voids to 6.5 mils

10 Same as section 9

11 Heavy surface pitting ta 1 mil with heavy general subsurface
voids to 3 mils

12 Heavy surface pitting to a depth of 1 mil
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Fig. 4. Location of Metallographic Sections fram Loop 833.
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some difficulty, In this program a considerable
number of 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

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

With all these curves, after about 300 hr the

in Fig. 6. As shown on the plot, considerable increase in depth of attack is linear and is at a
Table 5. Effect of Operating Time on Corrosion Attack
EE Operating
Loop : Attack Average Cr Content . .
Batch Time . Fluoride Mixture

Ne. No. (he) Intensity Depth (mils) (ppm) After Operation

263 30 100 Moderate 4 1000* 27 from 50-1b batch containing
720 ppm Ni

264 30 500 Moderate 9 1300 27 from 50-1b batch containing
720 ppm Ni

265 28 100 Moderate 5 1000 27 from 5-1b batch containing
1380 ppm Ni

266 N 500 Moderate 15 1800 27 from 5-1b batch containing
1070 ppm Ni

267 100 Moderate 3 9200 27 pretreated

268 500 Moderate 13 1750 27 pretreated

274 35 1000 Heavy 11 1400 30

297 68 10 Light 1 230 30

300 68 50 Moderate 2 575 30

305 68 250 Heavy 9 1200 30

298 68 500 Heavy 9.5 1100 30

306 68 1000 Heavy 9 1400 30

299 68 2850 Heavy 18 1500* 30

318 88 100 Heavy 4 900 30

317 88 350 Heavy 8 1200 30

345 113 500 Heavy 6 600 30

327 113 1000 Heavy 10 550 30

328 113 2000 Heavy 7 250 30

329 113 3000 Heavy 23 600 30

344 113 5000 Heavy 27 350~ 30

381 140 525 Heavy 10 44

394 149 1000 Heavy 17 44

12




Table 5 (continued)

EE Operating

Attack ’
Logp Batch Time — Average Cr Came’m Fluoride Mixture
No. No. (hr) Intensity  Depth (mils) (ppm) After Operation
459 162 500 Heavy é 550 30 plus 0.2% ZrH,
413 150 1000 Light 7 550 30 plus 0.2% ZrH,
414 150 2000 Heavy 11 85 30 plus 0.2% Z¢H,
340 113 3000 Heavy 1315 300 30 plus 0.25% ZrH,
431 160 10 Light 2 300 30
432 160 50 Heavy 3 400 30
433 160 100 Moderate 4.5 425 30
434 160 250 Heavy 8 600 30
435 160 500 Heavy 8 400 30
436 160 1000 Heavy 14 700 30
445 160 1500 Heavy 13 525 30
437 160 2000 Heavy 16 600 30
450 160 2500 Heavy 1 600 30
448 173 1000 Heavy 10 600 30
540 188-1 500 Heavy 1 520 30
535 188-1 1080 Moderate 10 475 30
501 188-7 100 Heavy 3 700 30
554 188-7 500 Heavy 1 600 30
463 203 500 Heavy 10 475 44
464 203 1000 Heavy 15 450* 44
570 232-8 500 Moderate 9 850 30
567 232-8 1000 Light 9 800 30
568 232-8 2000 Moderate 12 800 30
*Wide variation in individual values.
rate of about 4 mils per 1000 hr., A single loop rate of mass transfer is not strongly dependent

was operated for 5000 hr and the relationship
still held. This continuing increase in depth of
attack with operating time is attributed to mass
transfer. |t is obvious that if this variable is to
be studied in a thermal loop, operating times of
from 1000 to 2000 hr are a necessity. Since the
curves for the different batches are parallel, the

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 initial 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 crystals found to explain all the attack. The

reaching equilibrium; it was affected by such
things as impurities from ony source and by the
dissolving of sufficient chromium to reach equi-
librium 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 first stage of the attack
and then remained constant. In some long-time
loops, metallic chromium crystals were found in
the trap at the bottom of the cold leg. This
deposit appeared first as a ring made up from
fine dendritic crystals sticking to the trap wall
just above the liquid-solid interface found in the
trap. |t continued to grow until an entire disk
was formed, as shown in Fig. 8, In many 1000-
and 2000-hr loops, no crystals at all were found,
and in none of the loops were sufficient metallic

trop deposits were identified as metallic 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, |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 ftotal
depth of attack of 17 mils with two batches circu-
lated for 250 hr each, while loop 280 developed
an attack of 8 mils with a single 500-hr circulation
of another portion of the same batch. Additional
evidence that the controlling step is not in the
wall is 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.
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Fig. 8. Metallic Deposit Found at 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 fo
reach equilibrium, When the fluoride mixture was
transferred to loop 334, 225 ppm of iron was sfill
present.

Other evidence that chromium diffusion is not
the limiting factor during the longer operating
times is presented below (‘‘Change in Analysis
of Inner Pipe Wall").

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

Effect of Temperature. — For all 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 is measured in the same manner
and at the same spot in all loops, the measure-
ments are compoarable, 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 re;mrt.'I
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-
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