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SUMMARY

Fused fluoride mixtures containing UFM have been de-
veloped as fuel solutions for high temperature nuclear
reactors, The purpose of the present investigation was to
evaluate the corrosion properties of alloys composed basic-
ally of Ni and Mo for containment of these mixtures. These
evaluations utilized thermal convection loops which circu-
lated salt mixtures between a hot-zone temperature of 815°C
and a cold-zone temperature of 650°¢.,

Initial corrosion studies were made with Ni=base
alloys containing 17 to 20 per cent Mo and various percent-
ages of Cr, Al, Ti, V, Fe, Nb, and W, Loops of these alloys
were exposed to the salt mixture NaF-LiF—KF-UFu (11.2-45.3=~
41.0-2.5 mole per cent) for periods of 500 and 1000 hours.
Measurements of the concentrations of corrosion products in
after-test salt samples indicated the corrosion suscepti-
bility of alloying additions to increase in this order: Fe,
Nb, V, Cr, W, Ti, and Al. However, metallographic examina-
tlons of loop surfaces showed relatively light attack for all
alloys except those containing combined additions of Al and
Ti or Al and Cr.

A Ni-base alloy conteining 17 per cent Mo, 7 per cent
Cr, and 5 per cent Fe, designated INOR=8, was found to afford

the best combination of strength and corrosion resistance
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among the alloy compositions tested and was selected for fur-
ther corrosion studies, Corrosion of this alloy was found to
occur by the selective oxidation of Cr and, accordingly, was
controlled by the rate at which Cr diffused to surfaces un-
dergoing attack. To determine these rates, the diffusion
coefficients for Cr in INOR-8 were measured over the temper-
ature range 870°C to 680°C by exposing the alloy to a fused
fluoride mixture contalning radioactive Cr in the form of
CrF,. The diffusion coefficients were computed from measure-
ments of the intake of radioactive Cr by the alloy and from
an analysis of the concentration profile of radioactive Cr
below the exposed surfaces of the metal, The magnitudes of

12 o 10°1h cm?/sec

the diffusion coefficients ranged from 10~
and compared closely to the coefficlents determined for Cr
in the Ni-base &lloys.

To evaluate the validity of these coefficients for the
prediction of corrosion rates, a second INOR-8 loop was al-
lowed to absorb radiocactive Cr and was then exposed to the
corrosive agent FeF,. The observed rates of tracer migration
closely corresponded to those predicted by the use of the Cr
diffusion coefficients determined from the first loop experi-
ment,

In both of the radiotracer loop experiments, the rate

of Cr movement in areas farthest removed from the metal-salt

interface was governed by higher diffusion coefficients than



tracer nearer the surface. This behavior was attributed to
the increased importance of grain-boundary diffusion relative
to volume diffusion at higher penetration depths.

The diffusivity data from the radiotracer experiments
were applied to calculations of the corrosion rates of INOR-8
effected by fluoride mixtures containing UFM' Boundary con-
ditions assumed for these calculations were that 1) mass
transport rates were controlled by the diffusion rate of Cr
in the container material, and 2) that Cr surface concentra-
tions were at all times controlled by the concentrations of
corrosion products within the salt. These calculations in-
dicated that under prolonged exposure to the salt system
NaF-ZrFu-UFh (50-46=l mole per cent) circulating between
800°C end 600°C, the Cr concentration of INOR-8 would not be
reduced below a level of 3.5 per cent. Accordingly, the
maximum corrosion rates for the alloy in this system were

found to be relatively small.,
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CHAPTER I
INTRODUCTION

Molten fluorides of U, Th, or Pu, in combination with
other fluoride compounds, have wide applicability as fuels
for the production of nuclear power.l* Because of their high
boiling points, these mixtures can be contained at low pres-
sures even at extremely high operating temperatures. Their
chemical and physical properties impart additional advantages,
such as excellent stability under irradiation and large sol-
ubility ranges for both U and Th., These factors have prompted
design studies of molten fluoride fuel systems in conjunction
with Th-U thermal breeders, U-Pu converters, and U burners,

A high-temperature nuclear reactor, designated the Aircraft
Reactor Experiment (ARE), was successfully operated to demon-
strate the feasibility of the latter concept.2

The development of reactors which incorporate a circu-
lating fluoride salt 1s predicated on the availability of a
construction material which will contain the salt over long
time periods and also afford useful structural properties.

Paramount among the materials requirements which must be ful-

filled are the following: resistance to corrosion by the

*Superscript figures designate citations documented
in the List of References, pages 106-7, 125.
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fluoride fuel, particularly 1n the presence of a neutron flux;
resistance to air oxidation; and satisfactory high-tempera-
ture mechanical properties., It is also required that the
container material be easily formed and welded into relatively
complicated shepes and that 1t be metallurgically stable
over a wide temperature range.

In order to provide a material for initial reactor
studies, several commercially-available high-temperature
alloy systems were evaluated with respect to the above re-
quirements by the Metallurgy Division at Oak Ridge National
Laboratory. As a result of these studies, Inconel, a Ni-base
alloy containing 15 Cr, 7 Fe? was found to afford the best
compromise of desired properties and was utilized for the
construction of the ARE.3 Extensive corrosion tests, as well
as post-test examinations of the ARE, confirmed the suitabil-
ity of Inconel as a container material for relatively short-
term fluoride salt exposures, Corrosion rates encountered
with this alloy at temperatures above 700°C, however, were
excessive for long-term use with most fluoride fuel systems.

Utilizing experience gained in corrosion testing of
commercial alloys, an alloy development program was initiated

at ORNL to provide an advanced container material for

#Compositions refer to per cent by weight, except
where otherwise noted.
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fluoride fuel reactor systems. The alloy system used as the
basis for this program was composed of N1 with a primary
strengthening addition of 15-20 per cent Mo. This composi-
tion afforded exceptional resistance to fluoride attack but
lacked sufficient mechanical strength and oxidation resist-
ance at desired operating temperatures. To augment these
latter properties, additions of various solid-solution alloy-
ing agents were evaluated, among them Cr, Al, Ti, Nb, Fe, V,
and W, An optimum alloy composition was selected on the
basis of parallel investigations of the mechanical and cor-
rosion properties which were imparted by each of these
additions. The composition best suited to reactor use was
determined to be within the range 15-17 Mo, 6-8 Cr, 4-6 Fe,
0.04-0.08 C, balance Ni, Subsequent studies of the alloy,
designated INOR-8, showed it to be extremely well suited for
applications demanding long-term compatibility with fluoride
salts in the temperature range 650°-800°C.

The present research was concerned with the corrosion
effects resulting from additions of alloying elements to the
Ni-Mo system and an analysis of the diffusion rates of Cr in

the INOR-8 alloy under representative service conditions,



CHAPTER II
OBJECTIVES

The general objective of the present research was the
evaluation of the corrosion behavior of Ni-Mo alloy systems
in fluoride fuel mixtures., Studies were carried out in three
chronological phases:

1. An analysis of the effects of additions of Cr, Fe,
Nb, V, W, Al, and Ti on the corrosion properties of Ni-base
alloys contalning 15-20 per cent Mo, which culminated in the
selection of an optimum alloy composition.

2. Application of radiotracer techniques to the study
of the diffusion rates of Cr in the selected alloy.

3. Application of the diffusion rate data to the

prediction of corrosion rates for the selected alloy.



CHAPTER III

REVIEW OF RELATED WORK

I. CORROSION BY FLUORIDE MIXTURES

Corrosion Reactions

The corrosion of Ni-base alloys, containing Fe and Cr,
by fluoride fuel mixtures has been found to result from a
combination of the following types of oxidation reactions:)+
1) Reactions® involving impurities in the salt

2HF + Cr = CrF, + H, (1)
NiFa + .C_r = CI'FZ + _Ii_i_ (2)
FeFo + Cr = CrF2 + Fe (3)

2) Reactions involving impurities in or on the
metal, for example
2Ni0 + Zth = Zro2 + 2NiF, (L)
followed by reaction (2)
3) Reactions involving components in the salt
2UF) + Cr = CrF, + 2UFy (5)
BUFM + Cr = CrFy + 3UF3 (6)
The extent of the first four of these reactions, which pro-
ceed strongly to the right and to completion rapidly, can be

reduced by maintaining low impurity concentrations in the

#3011d-solution alloying elements are underlined.
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salt and on the surface of the metal. Reactions (5) and (6),
on the other hand, are ever-present in fluoride systems which
derive their usefulness through the containment of UFH and
have been found to play a major role in the corrosion of Cr-
contalning alloys. While the role of Cr in this connection
has been investigated extensively,5 considerably less infor-
mation 1s available regarding the thermodynamic properties of
the reaction for the other alloying elements which were of

interest in the present study.

Reduction of UFu by Cr

The reaction of UFu with Cr was found to be strongly
influenced by the reaction medium employed.6 In melts com-
posed principally of NaF-ZrFu or NaF-BeFp, the reaction
produced only divalent Cr, i.e.:

2UF), + Cr = 2UF3 + CrFp (7)
The equilibrium constant for this reaction is given by

K. =
¢ (Qur), ) Agr)

where { represents thermodynamic activity. Because of the

(8)

relatively small concentrations of CrF, and UF3 which are
attained in the salt solutions at equilibrium, the activities
of each of these components can be closely approximated by
thelir mole fractions, in accordance with Henry's law. Thus,

for a salt system of fixed UFH concentration, assuming the



reference states for salt components to be the infinitely

dilute solution,

(Nerr,) (N2UF3)

Kg = > (9)

and
. 2 =

Nerp, * N uF, Qg (10)

where
v 2
Kl - KGO' UF)_'_

It will be noted from equation 6 that in those systems for
which the only active components present initially are Cr in
the alloy and UF) in the salt, NCng = %NUFB. Accordingly,

for such systems equation 10 reduces to

Norp, = KiOgpl/3 (11)

where
- (5
N
In the case of NaF-KF-LiF-UFu mixtures, the reaction
between Cr and UFH produced both divalent and trivalent Cr,.
At equilibrium, approximately 80 per cent of the total Cr

ions in the mixtures was observed to be trivalent, so that

the net reaction could be written as

2.8UFu + Cr = 0.,2CrF, + O.BCrFB + 2.8UF3 (12)



for which

N 0.2 ,N 0.8 N 2.8
("CrF,) T (TCrF,) " (TUF,)"°
Ka 2 3 3 (13)

@ury)2+% @gr)

For a system initially containing no UF3, Cr¥,, or CrFB, it
follows that NCrF2 = 1/} NCrF3 = 1/1) NUFB' In such systems,

for constant UFu concentrations, equation 12 reduces to

(Norp, * NCrFB) = K,05,. 7% (1L)
where
19 |G 1,4/19
&, g Kq L/ UF) L/
L 1

The constants,Kl and K, have been experimentally
determined for mixtures of NaF-ZrFu-UFu (50-46-l mole per
cent) and LiF-KF-NaF-UF), (11.2-41.0-45.3-2.5 mole per cent),
respectively, by equlilibrating the mixtures with pure Cr

(Qgp = 1) at 600°C and 800°c. |

Under these cpnditions, the
constants are equivalent in value to the mole fraction of
Cr ions 1n the salt at equilibrium. Some representative
values are listed in Table I. It 1s evident that the tem-
perature dependence in the case of the ZrFu-bearing mixture
is smaller than that for the alkali-metal fluoride system,
Because of the temperature dependence of the Cr-UFu

reaction, chemical equlilibrium between these two components

is precluded in polythermal systems, i.e., systems of uniform



TABLE I

EQUILIBRIUM CONCENTRATIONS OF Cr FLUORIDES
FOR THE REACTION OF PURE Cr WITH UFu

(Data of J. D. Redman)?

Equilibration
Temper ature
(°C)

600

800

Concentrations of Cr ions in

NaF-ZrFu—UFu
(50=l6-l mole %)

bpm

2200

2500

mole fraction (Kll

4.7 x 10™3

5.4 x 1073

Concentrations of Cr ions in
NaF-LiF-KF-UFu

(_11.2"4100" ° -2. m°1e
ppm mole fraction zﬁgi

1100 1.0 x 10™3

2600 2.4 x 1073
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alloy composition in which the circulating salt continually
experiences a temperature change. In such systems Cr tends
to be continually removed from hotter portions and deposited
in cooler portions. A theory relating the rate of this move-
ment to the operating parameters of the container system was
formulated by Evans.8 This theory postulated that mass
transport rates were controlled by the diffusion rate of Cr
in the container material and that Cr concentrations at the
container surface were at all times in equilibrium with the
UFM’ UFB’ and (Cer, CrF3) salt components. Computations of
mass transport rates were then obtained through solutions of
diffusion equations under surface conditlons predicted by

thermodynamic data for the Cr-UFh reaction.
ITI. CORROSION OF Ni-Mo ALLOYS

Because of the oxidation of Cr by fuel-bearing fluoride
salts, alloys employing large percentages of this element
were not satisfactory as container materials except at tem-
peratures where diffusion rates in the alloys were relatively
low. Accordingly, evaluations were made of several commer-
cial alloys in which Cr was not employed as a major alloying
addition., Based on these tests, alloys of Ni and Mo appeared
to offer the most promising container system for achieving
relatively high reactor operating temperatures. Unfortunately,

commercially-available Ni-Mo alloys which exhibited excellent
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corrosion properties were not well suited to contemplated
reactor systems because of three adverse characteristics:

1) poor fabricability; 2) a tendency to age-harden and em-
brittle at service temperatures between 650° and 81500;9
and 3) poor resistance to oxidati&ﬁ by air at elevated tem-
peratures., The scale formed on exposure of these alloys to
high-temperature air was of the type NiMoOu, which upon
thermal cycling between 760° and 350°C underwent a phase
transformation and spalled as a consequence of a resultant
volume change.lo

By means of an alloy development program, however, it
was considered plausible to eliminate the undesirable features
of the commercial materials while retaining their inherent
corrosion resistance. The initial objective of this program
was to provide an alloy which did not embrittle under the
thermal treatments imposed by reactor operation. By experi-
menting with various compositions of binary Ni-Mo alloys, it
was determined that lowering the Mo concentration to a level
of 15-17 per cent served to avoid detrimental age-hardening
effects in the alloy system.ll Although such an alloy system
was 1deal from the standpoint of corrosion resistance, it was
necessary to augment the oxidation and strength characteris-
tics of the system through additional solid-solution alloying

agents. The corrosion effects which resulted from these

additions and the corrosion properties of the finalized alloy



modification, INOR-8, were the subjects of the present

study.

12



CHAPTER IV
MATERIALS AND PROCEDURES

The test techniques described in this section were
applied both to corrosion studies of experimental Ni-Mo
alloys and to subsequent studies of INOR-8. In the latter
studies the incorporation of a radioactive tracer necessi-
tated certain modifications in.the operating procedures and
test analysis. These modifications are discussed in the

second part of this section.
I. EFFECTS OF ALLOYING ADDITIONS

Test Materials

The Ni=Mo alloy compositions used for studies of al-
loying effects on corrosion behavior were supplied by the
Metallurgy Division of ORNL and, under subcontract agreements,
by Battelle Memorial Institute and Superior Tube Company.
Alloys furnished by ORNL were induction-melted under vacuum,
while those furnished by subcontractors were induction-melted
in air using a protective slag. Each alloy heat, which
ranged in weight from 12 to 100 1lbs, was elther forged or
extruded into a 3-in. diameter tube blank and was subse-
quently drawn into seamless tubing, 1/2-in. OD and 0.035-in.
wall thickness, by the Superior Tube Company. The cold-drawn
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tubing was annealed at 1121°%. A listing of the experimental
alloy compositions is given in Table II.

Corrosion studies of INOR-8 were conducted with
commercially-produced seamless tubing of the compositions
shown in Table III. This material had also been given a
1121°C annealing treatment following the final cold reduction.

Test Equlipment

The test method used for evaluating the corrosion
properties of the experimental alloys was selected on the
basis of the following considerations:

1) The method necessarily had to be tailored to the
use of relatively small quantities of material, since it was
practical to produce only small heats of the vast number of
alloys desired for study.

2) Tubing was considered to be a highly desirable
form in which to test the material, since production of the
material in this form was carried out as an adjunct to
eveluating the fabricability of each alloy.

3) Previous demonstrations of the effects of tempera-
ture gradient in the salt and the salt flow rate on the cor-
rosion behavior of container materials in fluorides made it
mandatory that corrosion tests be conducted under dynamic
conditions, i.e., conditions which provided for the continu-

ous flow of salt through a temperature gradient.



COMPOSITIONS OF EXPERIMENTAL ALLOYS USED FOR CORROSION STUDIES

TABLE II

Composition (weight %)

15

Composition (atcmic %)

Heat No¥* Ni Mo Cr Fe T1 Al Nb ] v Ni Mo Cr Fe T1 Al Nb 7] v
Series I:
OR 30-1 80,12 16.93 2.83 85.50 11.10 3.41
OR 30-2 78.55 16.65 L.b2 83,60 10.80 5.55
OR 30-4 73.65 16.37 9.21 78.30 10.60 1l.04
OR 30-6 78.50 15.11 6.40 82.70 9,72 7.60
OR 374-1 77.0 20.39 2.62 83,30 13.50 3.20
OR L43A-3  73.30 20.34 6.34 78.90 13.40 7.71
Series II:
OR 30-7 82.10 15.93 1.88 85.60 10.15 4.26
OR 30-8 80.30 17.80 1.89 85.90 11.60 2.47
OR 30-9 81.10 16.8 2.09 88,10 11.20 0.72
OR 30-10 81.10 16.60 2.23 86.4,0 10.80 2.73
OR 30-11 79.80 16.53 3.68 85,10 10.80 L.12
OR 30-12 80.00 16.80 3.22 86,70 11.10 2.20
OR 30-19 79.00 16.90 4.10 87.10 11.%0 1.h44
OR 30-20 79.20 16.60 4.18 84.10 10.80 5.11
OR 30-21 78.90 16.40 Lh.71 85.50 10.90 3.62
S T23012 82.00 17.L42 0.53 87.40 11.40 1.22
OR 1491 86.58 11.23 2,19 88.16 6.99 L.85
Series III:
OR 30-13 79.93 17.56 1.56 0.95 8L4.48 11.35 2.02 2.18
OR 30-14  79.53 16.50 1.52 2.45 82.11 10.42 1.92 5.51
OR 30=16 77.74 16.00 3.65 1.49 1.12 81,01 10.20 %.30 1.90 2.54
OR 30-22 77.65 15,90 5,69 1.16 0.60 80.27 10.05 N 2,61 0.39
OR 30-33 7L.07 15.15 5.01 5,07 0.70 77.26 9.66 5,90 5.56 .59
B2897 76.13 20.50 1.25 1.32 83.61 13.77 1.68 0.92
B2898 76,30 20,50 2.4 1.31 82,60 13,20 3.24 0.90
B3276 69,19 21,10 7.58 2.16 75.17 14.00 9.32 1.48
B3277 66,95 21.60 7.82 1,31 2,32 71.72 14.20  9.47 3.06 1.57
S T23011 71.50 15.06 3.84 0,53 L.17 L4.90 79.04 10.20 .79 1.27 2.91 1.72
S T23013 7u.g2 15.20 0.58 L4.57 5.23 83.14 10.36 1.40 3.23 1.85
S T2301 80,86 16,70 2,10 0,57 85,22 10,76 2,71 1.30

#0R denotes heats furnished by the ORNL Metallurgy Division.
S T denotes heats furnished by Superior Tube Company.

B denotes heats furnished by Battelle Memorial Institute.



COMPOSITIONS OF INOR-8 THERMAL CONVECTION LOOPS

TABLE III

Loop

No.

12,8

12,49

Composition (weight %)

N1 Mo Cr Fe T __
69.8 16.5 6.90 5.10 0.073
72.7 15.0 7.41 L4.72 0.078

Composition (atomic %)

Ni Mo Cr Fe C
75.0 10.8 8.4 5.7 -
76.5 9.6 8,8 5.1 -

9T
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The thermal convection loop, which had been used ex-
tensively for Inconel corrosion studies and had been developed
into an extremely straightforward and reliable test device,
was judged to be the best form of experimental device for
meeting these requirements. This device consists of a closed
loop of tubing, bent to resemble the outline of a harp, two
legs of which are heated and two of which are exposed to the
cooling effects of ambient air. A flow velocity is thus
generated by the difference in density of the salt in the hot
and cold portions of the loop.

A schematic diagram illustrating the configuration and
dimensions of the loop design employed is presented in Figure
l. All loops were comprised of seamless tubing having an
outside diameter of 0,500 in., and a wall thickness of 0,035
in, The tubing was assembled by the Heliarc welding technique
using an inert gas backing.

The loops were heated by six sets of Hevi=Duty tubular
furnace heating elements as shown in Figure 1. Each set of
elements was 6 in. in length and 1-1/4 in.in inside diameter.
The heaters were centered on the tubing and were separated by
means of ceramic spacers inserted in the ends., The heaters
were connected in two parallel electrical circuits, and the
power was supplied from saturable core reactors.

While filling the loop with salt solution, it was

necessary to apply heat to both the cold-leg and hot-leg
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Figure 1. Schematic diagram of thermal convection
loop used for evaluations of experimental Ni-Mo alloys. The
locations of thermocouples and test samples are shown,
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sections. Auxiliary heating for this purpose was provided
by passage of electricity directly through the tube wall.
Once the loop had been filled, the auxiliary heat source was
turned off and the heating elements were turned on. Insula-
tion was applied to both hot- and cold-leg sections of the
loop during filling. When the 1dop'was filled, as determined
by an electrical shorting probe near the top of the loop,
insulation was removed from the cold leg to whatever amount
was required to establish & pre-determined temperature
gradient.,

Loop temperatures were measured with Chromel-=Alumel
thermocouples located as shown in Figure 1. The thermocouple
junctions, in the form of small beads, were welded to the
outside tube wall with a condenser discharge welder and
covered by a layer of quartz tape, which in turn was covered
with stainless steel shim stock.

The power input to the loops was controlled by Leeds
end Northrup Micromex proportional controllers utilizing
thermocouples located between the two heaters in the top por-
tion of the loop.

All tests were operated so as to achieve a maximum
mixed-mean salt temperature of 815°C and a minimum salt tem-
perature of 650°C. The maximum salt-metal interface tempera-
ture, which was attained near the top of the vertical heated

section, exceeded the maximum bulk salt temperature by
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approximately 95°C.* The salt flow rate under these tempera-
ture conditions was established from heat balance calculations

to be in the range of 5 to 7 ft/min.

Salt Preparation

The compositions of the fuel mixture used in the ex-
perimental Ni-Mo alloy studies are shown in Table IV. The
selection of the LiF-KF-NaF-UF) composition (Salt 107) was
made on the basis that the oxidation of container constitu-
ents by a given concentration of UFM tended to be greater for
this mixture than for other mixtures of practical importance.
Thus, achievement of satisfactory compatlibility with this
mixture in effect provided a container material of ultimate
versatility with respect to all fuel mixtures.

The fluoride mixtures were prepared from reagent-grade
materials and were puriflied by the Fluoride Processing Group
of the Reactor Chemistry Division. In general, the procedure
for purification was as follows: 1) the dry ingredients,
except for UFH’ were mixed, evacuated several times for mois-

ture removal, and then melted under an atmosphere of He;

*Measurements of the maximum inside wall temperature
could not practically be made in each loop test; however,
values of this temperature were recorded by means of heat
balance calculetions and imbedded thermocouples using a
specially-instrumented test loop which exactly simulated the
geometry and temperature profile used in the corrosion ex-
periments.
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TABLE IV

COMPOSITION OF FLUORIDE MIXTURE USED TO
EVALUATE EXPERIMENTAL Ni-Mo ALLOYS

Salt No., 107
Liquidus Temperature, 190°C

Component Mole % Weight %
NaF 11.2 9079
LiF 45.3 2.1
KF 41.0 49.4

UFLI. 205 1603
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2) the molten mixture was held at 815°C and treated with H,
for L hours to purge HF from the mixture; 3) the mixture was
cooled to 205°C under a He atmosphere and UFu was admitted.
Upon the addition of the UFh’ the mixture was remelted,
heated to 815°C, and then treated again with H, to purge the
excess HF.

All mixtures were prepared in 300-1lb quantities and
apportioned into 50-1lb containers, after which samples were
submitted for analysis of Ni, Fe, and Cr, It was required
that each of these elements be present in amounts less than
500 ppm as determined from individual batch analyses. A
second before-test analysis of each salt mixture was obtained
from a sample of the salt taeken as it was being admitted to

the test loop.

Operating Procedures

Each loop was thoroughly degreased with CH3'CO'CH3 and
checked for leaks using a He mass spectrometer which, with
the 1nside of the loop at a pressure of <:%p Hg, measured the
leak rate of He into the loop. After thermocouples and
heaters were assembled and insulation was applied, the loop
was placed in a test stand. A photograph of the test assem-
bly is shown in Figure 2.

Ni or Inconel tubing, 1/4-in. OD, was used to connect

the salt-charging-pot to the loop. All connections were made
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Figure 2. Photograph of assembled thermal convection
loops and test stands,
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with Swagelok fittings. Both the loop and the charging-pot
were heated to 650°C under a dynamic vacuum of <<5Q/a Hg.
He pressure was then applied to the charge-pot in order to
force the salt mixture from the pot to the loop. After fill-
ing, salt was allowed to stand in the loop at 650°C for
approximately 2 hours, so that oxides and other impurities
would be dissolved from the container surface into the salt
mixture. This mixture was then removed, and a fresh salt
mixture was admitted from the fluoride-charging-pot still
connected to the loop. Insulation was then removed from the
cold=leg and the hot-leg temperature was increased to 815°C.
A He cover gas under slight positive pressure (approximately
5 psig) was maintained over the salt mixture during all
periods of testing.

At the end of a given test period, power to the loop
was cut off and insulation was stripped from the loop so as

to freeze the salt mixture as rapidly as possible.

Test Examination

After cooling, each loop was sectioned with a tubing
cutter into approximately 6-in., lengths. Five 2-in. sections
were then removed from the loop positions indicated in Figure
1l for metallogrephic exemination. Two of the remaining 6-in.
sections, one from the hottest section of the loop (specimen

H) and one from the coldest section (specimen C), were
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obtained for salt chemistry studies, and the remaining loop
segments were held in storage until all examinations of the
loop were completed.,

Salt removal was accomplished by heating each section
in a small tube furnace at 600°C in He. The salt was col-
lected in a graphite crucible located below the furnace
windings. The five 2-in, sections of tubing were examined
metallographically and the salt samples were submitted in-
dividually for petrographic and chemical enalyses., If layers
of corrosion products were discovered on the tube wall,
samples of the tubing and salt contained in that section were

also submitted for X-ray diffraction examination.

Metallographic examination. Both longitudinal and

transverse sections of each specimen were examined metallo-
graphically. The surfaces of all cold-leg specimens were
Ni-plated before sectioning to retain any corrosion products.
Specimens were polished mechanically and were etched using a
solution of 90 parts HCl, 5 parts HNOB, S parts HZSOh, and

1l part HF. They were then examined under bright-field illum-

ination for evidence of corrosive attack.,

Chemical analyses. Salt specimens were finely ground,

and weighed portions were dissolved in HCl-HNOB-HZSOu. The
resultant solution was exposed to 803 fumes to drive off all

acid components but HZSOM and diluted so as to contain
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approximately 5 per cent acid by volume. Aliquot portions
were then submitted for quantitative analyses of all elemen-
tal constituents which had comprised the alloy to which the
salt had been exposed. All chemical analyses were performed

by the Reactor Project Analytical Laboratory.
II. RADIOTRACER TECHNIQUES

The radiotracer Cr-51 was applied to the determination
of diffusivities of Cr in INOR-8 and to an evaluation of cor-
rosion mechanisms which purportedly govern Cr mass transport
in this alloy. The procedure employed for measuring Cr dif-
fusion rates in INOR-8 was based on a tracer method which had
been applied by Evans12 to determinations of Cr diffusivities
in Inconel., This method, which is outlined in Appendix A,
establishes a known concentration of Cr-51 at the surface of
the alloy in contact with a fluoride salt mixture containing
radioactive CrF,. As discussed in Appendix A, the thermal
convection loop provides an optimum test vehicle for conduct-
ing diffusion experiments of thils type, since in a single
loop experiment diffusivities may be determined simultaneously
for a wide range of temperatures.

A single INOR-8 thermal convection loop (No. 1248) was
operated with a CrFp=-containing salt to determine diffusion
rates of Cr in this alloy between 650° and 910°C. The salt

used was NaF-ZrFu (53=44,7 mole per cent) and contained 1800
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ppm of CrFZ, a known quantity of which was radioactive,

Chromium Tracer

The isotope Cr-51 emits a gamma ray of energy 0.32 Mev
and has a half-life of approximately 27 days. As the dura-
tion of the diffusion experiment was not expected to exceed
more than twlce thils half-life, this isotope appeared well
suited to the experiment. Accordingly, a salt composed of
extremely pure CrFe, prepared by the ORNL Reactor Chemistry

Division,13

was irradiated in the X-10 graphite reactor to
convert a small percentage of the Cr-50 nuclides in this com-
pound to Cr-51. The radioactivity induced was sufficiently
low so that, when dissolved in the carrier salt, the result-

ant mixture could be handled without shielding.

Molten Fluoride Solvent

The molten fluoride mixtures were prepared from
reagent-grade materials and were purified in a closed system
of Ni at 800°C by alternate flushing with anhydrous HF and
Ho. The apparatus and procedure were identical with those

described for salts used for corrosion testing of Ni-Mo

alloys.

Counting Techniques

A well-type scintillation counter was employed for all
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count rate determinations of gemma rays emitted by Cr-51.
Undesirable geometry and shielding effects which might have
introduced counting errors were eliminated or minimized as

1l

described elsewhere,

Test Apparatus

A schematic dilagram of the loop in which the tracer-
containing salt was circulated is shown in Figure 3. This
loop differed from the standard convection loop design
(Figure 1) only in that it incorporated a 3-in. diameter
sempling pot at the top of the hot-leg section, Additional
thermocouples were also used in conjunction with the tracer
loop to provide temperature readings at every point in the
loop from which specimens were taken for diffusion rate
studies. The sampling pot provided additional ports for
tracer additions and salt-sample withdrawals. It also served
to increase the loop volume and permit the removal of salt
samples without noticeably changing the salt level in the

loop.

Operating Procedure

The construction and operation of the tracer loop ex-
periment followed the same general procedures as those de-
scribed for standard convection-loop experiments, including

the preliminary salt exposure to remove any surface
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contaminants.

Once the tracer-containing salt had been admitted to
the loop, the loop was quickly brought to the desired operat-
ing temperatures, which were then maintained within a range
of 15°C throughout the experiment. The loop wall-salt
interface temperatures which were established throughout the
loop are shown in Figure L. All temperatures except those at
positions directly under heaters were determined directly
from thermocouple readings. Those under the heaters were
determined from heat balance calculations and, in the case
of the maximum interface temperature, by the use of thermo-
couples imbedded in the loop wall.

Samples of salt welighing approximately 2 gm were
withdrawn from the sampling pot loop at one-day intervals for
a period of 5 days and at weekly intervals thereafter., Al-
though 1t was planned to add radioactive CrF2 to the salt
during the course of operation as required to maintain a con-
stant surface Cr-51 concentration, the overall loss of tracer
indicated by the salt samples was insufficient to warrant
replacement,

After 500 hours at temperature, all sections of the
loop were quickly cooled to 600°C; the salt was then drained
from the loop, all power to the loop was cut, and the insula-
tion was removed to allow the loop to cool rapidly to room

temperature.
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Test Analysls

Following termination of a given loop run, fifteen
1-1/2-in. sections were removed from various positions along
the loop, as indicated in Figure 3., Each of these samples
was accurately machined to an overall length of 1=-3/16 in.,
and the ends were undercut to leave a l-in., section of un-
disturbed tubing. The samples were then cleaned in dilute
NHuH020u°H20 to remove any adherent salt particles, after
which the total radioactivity of each semple was determined.
A 2-min period was used for all count rate determinations,

The concentration profile of radiotracer in the loop
wall was next determined using an electrolytic machining
technique.l5 A teflon plug was pressed in one end of the
specimen and the inside of the specimen was filled with
electrolyte. The specimen, which served as a cathode, was
then clamped in a vertically mounted lathe chuck and was
turned around a graphite anode located concentric to the
axis of the specimen. At specified intervals, the specimen
was weighed and the radioactivity of both the specimen and
electrolyte was determined. This process was repeated until
less than 10 per cent of the original activity remained in
the alloy. Again a 2-min counting period was used.

Diffusion coefficients were calculated on the basis

of both the total specimen activities and on the radiotracer
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concentration profiles determined by electropolishing.
Equation 7A, Appendix A, was used for the former calculation

and equation 8A, Appendix A, for the latter.

Corrosion Experiment (Loop 1249)

A second INOR-8 loop incorporating Cr-51 was operated
to determine the validity of the diffusion coefficients
measured in Loop 1248 for the prediction of Cr diffusion
rates under corrosive conditions. This loop, No. 1249, was
identical in design to Loop 1248 and was operated under tem-
perature conditions similar to those shown in Figure l.
Tracer-contalning salt was circulated in this loop for a
period of 792 hours to allow for the absorption of Cr-51
tracer by the loop walls. Following this "seeding" opera-
tion, an addition of 6720 ppm FeF2 was made to the loop
without otherwise disturbing the salt or operating condi-
tions. After 26l hours of additional operation under cor-
rosive conditions, the loop was drained and examined. The
methods of examination were exactly the same as those
described for Loop 1248.

The data of the second loop were correlated using the

following equations:
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and
[~ ] oo
IOOVTF[(t')%'.[ erfc wdw - (t'-to)%'_[ erfc udu]
F(x) = W T u
(6195 - (£1-t )% (16)
where
y = total counts of the entire specimen per min at t
z = counts of the salt per gm per min at t
W = weight fraction
F(x) = per cent of original activity remaining at
penetration x, cm
t!'= total time of exposure
to= time at which FeF, was added
w o X

T 2(pt')E
u = X T
2[D(t1-t,)]%

These equations are analogous to those for heat transfer in

a semi-infinite flat plate, one surface of which is initially
heated at a constant temperature and then 1s cooled at a
constant temperature.l6 The flow of heat with time for this
case is exactly analogous to the flow of tracer with time in

the corrosion experiment described.



CHAPTER V

RESULTS AND DISCUSSION

I. EFFECTS OF ALLOYING ADDITIONS

The effects of alloying additions to Ni-Mo alloys were
evaluated in terms of both the corrosion products entering
the salt mixtures and the metallographic appearance of the
alloy after test. Results have been grouped in this section

according to each of the elements studied.

Chromium

Corrosion-product concentrations. Effects of Cr addi-

tions were investigated by means of loop tests of six Ni-Mo-
Cr alloys with Cr contents of 3.2 to 11.0 atomic per cent.
One loop of each of these compositions was operated with
Salt 107 for 500 hours under the standard temperature con-
ditions as described in Chapter IV. The compositions in-
vestigated and the attendant concentrations of Cr ions in
salt samples taken at the conclusion of these tests are shown
in Taeble V. The extent of reaction between Cr and fluoride
constituents;, as indicated by the Cr ion concentrations,
varied markedly with the amount of Cr in the alloy. This
variation is illustrated graphically in Figure 5, where the
17 18

data are compared with data for Inconel and for pure Cr.



TABLE V

CORROSION-PRODUCT CONCENTRATIONS OF SALTS TESTED WITH Ni-Mo-Cr ALLOYS

Alloy Composition (atomic %) DuEZ::on or g:z;;:;zat%;zlin%ialt
Heat No. _Cr Other Components (hr) Sample H Sample C Other
OR 37A-1 3.20 13.5Mo, Bal Ni 500 0.0194 0.0180 0.0213
OR 30-1 3.41 11.1Mo, Bal Ni 500 0.0222 0.0365 0.,0291
OR 30=2 .55 10.8Mo, Bal Ni 500 0.0375 0.0352 0.0376
OR 30-2 5.55 10.8Mo, Bal Ni 1000 0.0509 0.0509 0.0543
OR 30=6 7.60 9.72Mo, Bal Ni 500 0.0606 0.0606 0.0566
OR 43A-3 7.71 13.4Mo, Bal Ni 500 0.0453 0.0476 0.0425
OR 30-4 11.0k4 10.6Mo, Bal Ni 500 0.0819 0,081}  0.0699

#Sample designations "H" and "C" are discussed in Chapter IV,
"Other" designates samples obtained from metallo-
graphlic specimens.

page 2l;
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It may be noted that the Cr concentrations of the salts were
less than those for Inconel loops operated under identical
temperature conditlions. A horizontal line, which represents
the Cr ion concentration at equilibrium with pure Cr at 600°C,
is seen in Figure 5 to be above the measured Cr ion concen-
trations for the alloys tested. Thus, the observed concen-
trations were less than those required for the formation of
pure Cr crystals in the coldest portion of the loops (ap-
proximately 650°C).

As discussed in Chaepter III, the concentration of Cr
ions under the conditions of these tests should be governed

by the relation (equation 14 )

= 5/19
Ner tons = (Norp, * Nerry) = Ka2Ocr

where Ng,. jon5 18 the mole fraction of Cr ions in Salt 107

at equilibrium with an alloy of given Cr activity, ClCr’ If
it is assumed that NCr = (lCr, the resultant Cr ion c;ZEen-
trations plotted for these alloys in Figure 5 should lie
within a region which is bounded above by the function deter-
mined at a temperature equivalent to the maximum loop temper-
ature and below by the function determined at the minimum
loop temperature. Bounds using experimental values of Kp
measured at 800°C and 600°C (Table I), which reasonably ap-
proximate the maximum and minimum loop temperatures, &are

plotted in Figure 5 and are seen to include only two of the
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observed loop concentrations, both corresponding to Cr com-
positions greater than 7 atomic per cent. However, except
for the alloy with least Cr content, all concentrations lie
relatively close to the lower bound and roughly approximate
the slope of this bound.

The deviation of measured corrosion-product concen-
trations in these tests from the predicted concentration
ranges may have resulted primarily from lnaccuracy in the
assumption that NQE =<lg£. However, assuming GEI to be ac-
curately known, the corrosion-product concentrations in these
tests would nevertheless have been lower than those pre-
dicted, since corrosive attack would necessarily reduce the
Cr content and hence the Cr activity at the surface of the
alloys relative to the original Cr activity. Furthermore,
it is possible that the test times were not sufficiently long
for the Cr concentration of the salt to have completely at-
tained the maximum or steady-state level. To evaluate this
latter point, sufficient material of one of the alloy compos-
itions, Heat No. OR 30-2, was obtained to permit the opera-
tion of a 1000-hr test. Results of this test, which are
shown in Table V and Figure 5, indicated that only a small
increase in Cr concentration occurred between the S500-hr and
1000-hr intervals. It was concluded, therefore, that the
500=hr test provided a reasonably close estimate of the lim-

iting corrosion-product concentrations associated with the
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temperature conditions of these experiments.

Additional data on the effects of Cr in Ni-Mo alloys
were afforded by tests of five alloys which contained Cr in
combination with one or more other alloying elements, as
shown in Table VI. Notwithstanding the additional alloying
agents, the concentrations of Cr-containing corrosion prod-
ucts following 500-hr tests of the se alloys in Salt 107, as
shown in Table VI, were comparable to the concentrations
associated with the simple ternary Cr-containing alloys. The
corrosion-product concentrations for the alloys with multiple
additions are plotted in Figure 6, and are seen to show the
same general variation with Cr content as the ternary alloys
(see Figure 5).

Also shown in Table VI and Figure 6 are the results
of 1000~-hr tests of four of the alloys containing multiple
additions. After all but one of these tests, the Cr ion con-
centrations in the salts were slightly higher than for SOO-hr
tests of the same alloys; in one test, the Cr ion concentra-
tion was unaccountably lower.

Cr ion concentrations after both time intervals in the
case of these multi-component alloys again fell near those
predicted on the basis of equilibrium data for pure Cr at
600°C and were considerably less than the concentration
needed to deposit pure Cr at 600°C,

The Cr activities in all of the alloys tested would



TABLE VI

CORROSION-PRODUCT CONCENTRATIONS OF SALTS TESTED WITH Ni-Mo ALLOYS CONTAINING
Cr IN COMBINATION WITH OTHER ALLOYING ELEMENTS

, Test Cr Concentration iIn salt
Alloy Composition (atomic %) Duration Semples# (mole %)

Heat No, Cr Other Components (hr) Seample H Sample C Other

OR 30-16 L4.30 2.54A1, 1.90Ti, 10,2Mo, 500 0.0227 0.0236  0.020L
Bal Ni

S T23011 L4.79 1.27Al, 2.91Nb, 1l.72W, 500 0.0490 0.0490 0.0426
10.2Mo, Bal Ni

OR 30-33 5.90 1.59Al1, 5.56Fe, 9.66Mo, 1000 0.0689 0.,0731 0.0620
Bal Ni

OR 30-22 6.64 O0.43Fe, 0,39Nb, 2.61Al, 500 0.0583 0.0555 0.0490
10.05Mo, Bal Ni

OR 30-22 6.6 O.43Fe, 0.39Nb, 2.61Al1, 1000 0.0416 0.0402 0.0370
10.05Mo, Bal Ni

B3276 9.32 1.,48Nb, 14.0Mo, Bal Ni 500 0.0615 0.,0615 0.0578

B3277 9.47 1.57Nb, 3.06Al, 1ll.2Mo, 500 0.0698 0.0700 0.0624
Bal Ni

B3277 9.47 1.57Nb, 3.06A1, 1l.2Mo, 1000 0.0731 0.0657 0.0740
Bal Ni

#Sample designations "H" and "C" are discussed in Chapter IV, page 2|;
"Other" designates samples obtained from metallographic specimens.

™
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appear on the basis of corresponding corrosion-product con-
centrations to be lower than the activity of Cr in Inconel.
However, it is important to note in Figures 5 or 6 that any
alloy in which the Cr activity exceeded a value of 0.035
could support the formation of pure Cr at 600°C if the concen-
trations of CrF, and CrF3 were equal to that 1in equilibrium
with the alloy at temperatures of 800°C or above. Thus, un-
less the activity coefficients for Cr in these alloys are
considerably less than one, the possibility for the deposi-
tion of pure Cr in cold-leg regions cannot be completely
excluded for any of the alloys tested, In the case of
ZrFu- or BeF,-base mixtures, as discussed in Chapter III, the
temperature-dependence of the Cr-UFu reaction is much less
than for Salt 107. It has been shown19 that in these mix-
tures, alloys having a Cr activity equivalent to or less than
that for Inconel cannot support Cr ion concentrations at
800°C which are sufficiently high to maintain pure Cr at
600°C. Consequently, mass transfer of Cr by deposition of
pure Cr crystals in the latter salt mixtures should not be

possible for any of the alloys listed in Tables V and VI.

Metallographic results. Metallographic examinations

of the ternary alloys shown in Table V showed little evidence
of corrosive attack other than shallow surface roughening.

Void formation, which characteristically had been found in
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20 was not

Ni-Cr alloys under similar test conditions,
detected 1n any of these alloys. The relative depths of
attack which occurred for the alloy containing 5.55 atomic
per cent Cr (Heat No, OR 30-2) after 500- and 1000-hr tests,
respectively, are compared in Figure 7. Although the depth
of attack was similar at both time intervals, the intensity
of surface pitting was somewhat greater after the 1000-hr
exposure., The intensity of surface roughening was also
found to increase with increasing Cr concentration, as may
be seen in Figure 8 which compares photomicrographs of two
alloys contalning different Cr contents, Cold-leg sections
of these loops showed no evidence of corrosion and contained
no visible deposits of corrosion products.

The depths of attack observed metallographically for
alloys containing Cr in combination with other additions are
shown graphically in Figure 9., Attack in these alloys was
manifested as surface roughening after 500 hours and as a
combination of surface pitting and shallow void formation
after 1000 hours. Depths of corrosion were in general higher

than for the ternary Cr-containing alloys, particularly in

alloys which contained Al additions.

Aluminum

Corrosion-product concentrations. Table VII 1lists

the concentrations of Al which were analytically determined
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After 500 hr

After 1000 hr

Figure 7. Appearance of hot-leg surface of ternary
Ni-Mo alloy containing 5.55 atomic per cent Cr following
exposure to Salt 107. Heat No. OR30-2; 250X.



Composition: 3.2 Cr, 13.5 Mo, bal Ni (at. %)

Composition: 11.0 Cr, 10.6 Mo, bal Ni (at. %)

Figure 8., Hot-leg sections of Ni-Mo-Cr thermal con-
vection loops following 500-hr exposure to Salt 107. 250X.
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alloys with multiple alloy additions following exposure to

Salt 107.
above the alloy compositions which they represent.

bars have both positively-sloped and negatively=-sloped
cross-hatching, the height of positively-sloped cross-hatch-
ing indicates depth of corrosion after 500 hr and combined

height of both types indicates depth after 1000 hr.)

Bars designating corrosion depths appear directly
(Where



TABLE VII

CORROSION-PRODUCT CONCENTRATIONS OF SALTS TESTED WITH Ni-Mo-Al ALLOYS

' Test Al Concentration in Salt
Alloz Composition (atomic %) Duration  _ Samples# (mole %)
Heat No. Other Components _(hr) Sample H Sample C Other
S T23012 1.22 11.4Mo, Bal Ni 500 0.000872 0.000872 3¢
OR 30-7 L4.26 10.15Mo, Bal Ni 500 0,220 0.070 0.137
OR 30-7 L.26 10.15Mo, Bal Ni 1000 0.214 0.105 0.178
OR 1491 L4.85 6.99Mo, Bal Ni 1000 0.374 0.374 0.374

#Sample designations "H" and "C" are discussed in Chapter IV,
page 24; "Other" designates _samples obtained from metallo-
graphic specimens.

#4Not determined.

e
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in fluoride mixtures operated for 500- and 1000~hr periods
with Ni-Mo alloys containing single additions of Al. In the
case of alloys containing greater than 2 atomic per cent Al,
the corresponding Al concentrations in the salt mixture were
relatively high, i.e., in the range of 0.15-0,37 mole per
cent. Only one alloy composition was subjected to tests at
both 500 and 1000 hours; however, results for this alloy
suggest that effectively similar salt concentrations were
realized for both time intervals. Concentrations of corro-
sion products which formed in salt mixtures circulated in
loops containing Al in combination with other alloying
elements are shown in Table VIII. These concentrations were
of the same general magnitudes as those observed for the
ternary Ni-Mo-Al alloys.

The corrosion-product concentrations showed no defin-
able correspondence with the Al content of the alloys.
However, the propensity for Al to react with interstitial
contaminants, such as N, in these alloys, makes the activity
of Al in the alloys very dependent on composition and metal-
lurgical history. For this reason, poor correspondence
between the corrosion-product concentration and total Al
concentration in the alloy would not be unexpected.

It is gpparent from tests of both the ternary and
multi-component alloys that Al additions less than 2 atomic

per cent give rise to very much lower Al ion concentrations



TABLE VIII

CORROSION-PRODUCT CONCENTRATIONS OF SALTS TESTED WITH Ni-Mo ALLOYS CONTAINING
Al IN COMBINATION WITH OTHER ALLOYING ELEMENTS

Test Al Concentration of Salt
Allox Composition (atomic %) Duration Samples# (mole %)

Heat No, Other Components (hr) Sample H Sample C Other

S T23014 1.30 10.8Mo, 2.7Ti, Bal Ni 500 <0,0009 <0.0009 <0.0009

S T23013 1.40 10.4Mo, 3.2Nb, 1.8W, 500 0.160 0.0606 2535
Bal Ni

OR 30-33 1.59 9.7Mo, 5.9Cr, 5.6Fe, 1000 0.0660 0.0820 0.124
Bal Ni

OR 30-16 2.5; 10.2Mo, L.3Cr, 1.9Ti, 500 0.358 0.326 0.334
Bal Ni

OR 30-22 2.61 10.0Mo, 6.6Cr, O.4Fe, 500 0.382 0.570 0.24ly
0.4Nb, 2.6W, Bal Ni

OR 30-22 2.61 10.0Mo, 6.6Cr, O.LFes 1000 0.249 0.259 3¢
0.4Nb, 2,6W, Bal Ni

B3277 3.06 1L.2Mo, 9.5Cr, 1.6Nb, 500 0.502 0.525 0.481
3.1W, Bal Ni

B3277 3,06 1ll.2Mo, 9.5Cr, 1l.6Nb, 1000 0.473 0.394 0.374

. 3.1W, Bal Ni
OR 30-14 5.51 10.4Mo, 1.9Ti, Bal Ni 500 0.39L 0.439 0.499
OR 30-14 5.51 10.4Mo, 1.9Ti, Bal Ni 1000 0.250 0.174 0.0960

#Sample designations "H" and "C" are discussed in Chapter IV, page 2;;
"Other" designates samples obtained from metallographic specimens.

#%#Not determined.

0s
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than additions above 2 atomic per cent. This observation may
suggest that below a concentration of 2 atomic per cent the
bulk of the Al addition has formed highly stable compounds

with interstitial contaminants.

Metallographic results. Hot-leg surfaces of ternary

alloys containing Al in amounts greater than 2 atomic per
cent underwent relatively severe attack by Salt 107 in the
form of surface pitting and subsurface void formation. Void
formation was evident to a depth of 0.002 in. in 500-hr
tests of these alloys and to 0,003 in, in 1000-hr tests.
Figure 10 shows the appearance of an alloy containing l.27
atomic per cent Al after a 1000-hr test exposure. However,
an alloy containing only 1.22 atomic per cent Al revealed
negligible attack after a 500-hr exposure to Salt 107.
Alloys containing Al combined with other alloying
components also exhibited both surface pitting and subsur-
face void formation after exposure to Salt 107. The depths
of attack for these alloys are shown graphically in Figure
9. Additions of up to 2 atomic per cent Al resulted in only
light attack except in alloys where Cr additions were also
present. Alldys which contained over 2.5 atomic per cent Al
in combination with Cr or Ti revealed pronounced attack in
the form of subsurface voids to depths ranging from 0.002
in., to 0.0045 in. Cold-leg sections of all loops were un-

attacked and contained no insoluble corrosion products.



Figure 10. Hot-leg surface of ternary Ni-Mo alloy
containing .27 atomic per cent Al after 1000-hr exposure
to Salt 107. Heat No. OR30-7; 250X,

52



Titanium

Corrosion-product concentrations. Ti-contalining

alloys which were investigated are listed in Table IX, to-
gether with attendant Ti corrosion-product concentrations.
Except for the first composition shown, which contained 2.47
atomic per cent Ti, alloying agents in addition to Ti were
present in all of the alloys evaluated. The corrosion
properties of the single ternary alloy were studied at

both 500-hr and 1000-hr time intervals. Analyses of salts
operated in loops of this alloy revealed Ti concentrations
of 0,038-0.040 mole per cent after 500 hours and 0.040-
0,055 mole per cent after 1000 hours. These analyses cor-
respond closely to the analyses of salts circulated in loops
constructed of the other Ti-bearing alloys, in which Ti con-
tents ranged from 1,68 to 3.2l atomic per cent. Only the
test of the 2.71 atomic per cent alloy effected a Ti salt
concentration significantly different from the ternary alloy,
the concentration in the former test being unaccountably

lower than for the other tests.

Metallographic results. The ternary Ti-bearing alloy

revealed only light attack in the form of surface pitting
after both the 500-hr and 1000-hr test intervals. The photo-
micrograph in Figure 11 shows the appearance of a typical

hot-leg section of this alloy after the longer test interval.



TABLE IX

CORROSION-PRODUCT CONCENTRATIONS OF SALTS TESTED WITH
Ni-Mo ALLOYS CONTAINING Ti

e e— ——
—

Alloy Composition (atomic %) Dugzizon T ggggigggat%gglié%?alt
Heat No. Ti Other Components (hr) Sample H  Sample C Other
OR 30-8 2.47 11.6Mo, Bal Ni 500 0.0394 0.0386 0.0380
OR 30-8 2.47 11.6Mo, Bal Ni 1000 0.0L0Y 0.0495 0.0505
B2897 1.68 13.8Mo, 0.9Nb, Bal Ni 1000 0.0373 0.0383 0.0283
OR 30-16 1.90 10.2Mo, L4.3Cr, 2.5A1, 500 0.0378 0.0348 0.0500

Bal Ni

OR 30-14 1.92 10.4Mo, 5.5A1, Bal Ni 500 0.0449 0.0489 0.0378
OR 30-14 1.92 10.4Mo, 5.5A1, Bal Ni 1000 0.0373 0.0530 0.043Y
OR 30-13 2.02 11.3Mo, 2.2A1, Bal Ni 500 0.0389 0.040L 0.04L8l
S T23014 2.71 10.8Mo, 1.3A1, Bal Ni 500 0.0187 0.0242 0.0187
B2898 3.24 13.2Mo, 0.9 Nb, Bal Ni £00 0.0353 0.,0252 4t

e meemetp—
—— ———

#5ample designations "H" and "C" are discussed in Chapter IV,
page 2l;; "Other™ designates semples obtained from metallo-
graphic specimens,

##tNot determined.

g



Figure 11. Hot-leg surface of ternary Ni-Mo alloy
containing 2.47 atomic per cent Ti after 1000-hr exposure
to Salt 107. Heat No. OR30-8; 250X.
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Depths of attack which were observed in the remainder of the
Ti-bearing alloys are graphically depicted in Figure 9, Ex-
cept where Al additions were present in these alloys in
amounts greater than 2 atomic per cent, depths of attack were
in all cases less than 0,003 in. and generally were less than
0.002 in, Attack in all cases was manifested as general
surface pitting and shallow vold formation. No attack was
seen in the cold-leg sections of any of the Ti-containing

loops nor were cold-leg deposits detected.

Vanadium

Corrosion-product concentrations. Loops were operated

with two ternary alloys containing V additions of 2.73 and
5.11 atomic per cent, respectively. As shown in Table X, the
V concentration detected in a salt mixture tested with the
former alloy after 500-hr exposure was less than 0.005 mole
per cent, However, salts operated with the alloy of higher
V content contained 0.027 mole per cent V in a 500-hr test

and 0,019-0,020 mole per cent V in a 1000-hr test.

Metallographic results. Metallographic examination of

the alloy with 2.73 atomic per cent V revealed very light
attack in the form of surface roughening. Hot-leg surfaces
of the alloy with 5.11 atomic per cent V exhibited attack in

the form of void formation to a depth of 0,002 in. in the



TABLE X

CORROSION-PRODUCT CONCENTRATIONS OF SALTS TESTED WITH
Ni-Mo. ALLOYS CONTAINING V AND Fe

Test Corrosion-Product Concentra-
Allox Composition (atomic %) Duration tion in Salt Semples# (mole %)
Heat No. Other Components . (hr) Sample H Sample C Other

V Concentration

OR 30-10 2.73 10.8Mo, Bal Ni 500 <0.,005 <0,005 <0.005

OR 30-20 5.11 10.8Mo, Bal Ni 500 0.0274 0.0274 0,0261

OR 30-20 5.11 10.8Mo, Bal Ni 1000 0.,0198 0.019Y4 4
Fe Fe Concentration

OR 30-11 .12 10.8Mo, Bal Ni 500 0.0146 0.013Y4 0.0152

OR 30-33 5.56 9.7Mo, 5.9Cr, 1000 0.00517 0.00387 0.00517

1.6A1, Bal Ni

#Sample Designations "H" and "C" are discussed in Chapter IV,
page 2L; "Other" designates samples obtained from metallo-
graphic specimens.

##Not determined.

LS
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500-hr loop and 0.004 in. in the 1000-hr loop. A photo-
micrograph i1llustrating attack incurred by the latter loop

is shown in Figure 12.

Iron

Corrosion-product concentrations. Only two loop tests

were completed with alloys containing Fe as a major addition.
Results of both tests, one of which operated for 500 hours
and the other for 1000 hours, are summarized in Table X. 1In
the 500-hr loop, which contained .12 atomic per cent Fe,
after-test salt samples were analyzed to contain 0.013-0.015
mole per cent of Fe. In the 1000~-hr loop, which contained
5.56 atomic per cent Fe together with Al and Cr additions,
the after-test salt samples contained an even lower Fe con-
centration. It would appear that corrosion products formed
by reactions involving Cr and Al in this latter test served
to inhibit the reaction with Fe.

Metallographic results. Metallographic examinations

of specimens from the 500-hr loop showed no evidence of at-
tack other than light surface roughening. Exeminations of
the 1000-hr test, as indicated in Figure 9, showed corrosive
attack to a depth of 0.003 in. in the form of small sub-

surface volds.



Figure 12. Attack at hot-leg surface of ternary
Ni=Mo alloy containing 5.11 atomic per cent V. Alloy was
egposed to Salt 107 for 1000 hr. Heat No., OR 30-20;
250X,
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Niobium

Corrosion-product concentrations. Loop tests of 500-

hr and 1000-hr durations were carried out with ternary alloys
containing 2.20 and 3.62 atomic per cent Nb, respectively.

As shown in Table XI, the Nb concentrations in salts exposed
to these alloys increased from a value near 0,015 mole per
cent in the 500-hr tests to values of from 0,022 to 0.025
mole per cent in the 1000-hr tests. Salts tested with alloys
which contained Nb combined with other additions showed very
much lower Nb concentrations than did the simple ternary
alloys. As seen in Table XII, concentrations in the multiple-
addition tests were less than 0,002 mole per cent for Nb
contents as high as 3.62 atomic per cent. Thus, it appears
that corrosion products formed by reactions with other com-
ponents in these alloys, namely Ti, Al, and Cr, were effective

in inhibiting reaction of the salt with Nb,

Metallographic results. Nelther ternary alloy con-

taining Nb showed significant attack in metallogrephic
examinations of 500-hr tests; however, the presence of very
small subsurface voids to depths of approximately 0.001 in.
was detected in examinations of the 1000-hr tests, as illus-
trated in Figure 13. Corrosion results determined for alloys
containing Nb together with other additions are summarized in

Figure 9. Except where Al and Cr were both present, attack



TABLE XI

CORROSION-PRODUCT CONCENTRATIONS OF SALTS TESTED WITH Ni-Mo-Nb ALLOYS

Nb Concentration in Salt

llox Composition (atomic #) Duration Samples# (mole %)
Heat No, Other Components Semple H Sample C Other
OR 30-12 11.1Mo, Bal Ni 0.00363(%) 0.0135
OR 30-12 11.1Mo, Bal Ni 0.0233
OR 30-21 10.9Mo, Bal Ni 0.0153
OR 30-21 10.9Mo, Bal Ni 0.0259

——

#Sample designations "H" and "C" are discussed in Chapter IV,

page 2l; "Other" designates samples obtained from metallo-

et ——

graphic specimens,

#%Not determined.
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TABLE XII

CORROSION~-PRODUCT CONCENTRATIONS OF SALTS TESTED WITH Ni-Mo ALLOYS CONTAINING
Nb IN COMBINATION WITH OTHER ALLOYING ELEMENTS

Test Nb Concentration in Salt
Alloy Composition (atomic %) Duration  _ Samples# (mole %)
Heat No. _Nb Other Components (hr) Sample H Sample C Other
OR 30-22 0.39 10.0Mo, 6.6Cr, 2.6Al1, 500 0.00129 0.00181 0.00207
Bal Ni
OR 30-22 0.39 10.0Mo, 6.6Cr, 2.6Al, 1000 0.00052 0.00104 0.00052
Bal Ni
B2898 0.90 13.2Mo, 3.24Ti, Bal Ni 500 <0.0005 <0.0005 5
B2897 0.92 13.8Mo, 1.7Ti, Bal Ni 1000 0.00104 0.00052 0.00129
B3276 1.48 14.0Mo, 9.3Cr, Bal Ni 500 0.00078 0.00052 0.00078
B3277 1.57 14.2Mo, 9.5Cr, 3.1Al, 500 <0.,0005 <0.0005 <0.0005
Bal Ni
B3277 1.57 14.2Mo, 9.5Cr, 3.1Al, 1000 0.00259 0.00181 0.00104
Bal Ni
S T23013 3.23 10.4Mo, 1l.4Al, 1.8W, 500 <0.0005 <0.0005 <0.0005
Bal Ni

%#Sample designations "H" and "C" are discussed in Chepter IV, page 2};
"Other" designates samples obtained from metallographic specimens.

#%Not determined.
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Figure 13, Appearance of voids in Ni-Mo alloy con-
taining 3.62 atomic per cent Nb after 1000-hr exposure to
Salt 107. Heat No. OR30-21; 250X.
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in these alloys was less than 0.002 in. in depth.

Tungsten

Corrosion=-product concentrations. Single alloying

additions of W to the Ni-Mo system were evaluated at levels
of 0.72 and 1l.h4); atomic per cent, respectively. Loop tests
of both alloys were conducted for 500 hours, at which time
W concentrations in the salt mixtures had reached levels of
0,029-0.032 mole per cent. In 500-hr tests of two alloys
which contained W in addition to Cr, Nb, or Al, the concen-
trations of W detected in salt samples were below 0,010 mole
per cent. Compositions of these alloys and their attendant
salt corrosion-product concentrations are shown in Table

XIII.

Metallographic results. Upon metallographic examina-

tion, loops constructed of Ni-Mo-W alloys revealed only
slight surface pitting, as illustrated in Figure 1. An
alloy containing W in combination with Al revealed heavy
surface pitting, while an alloy containing W with Al, Cr, and
Nb revealed subsurface woids to a depth of 0.0025 in., as

shown in Figure 9.



TABLE XIII

CORROSION-PRODUCT CONCENTRATIONS OF SALTS TESTED WITH
Ni-Mo ALLOYS CONTAINING W

Test W Concentration in Salt
Allox Composition (atomic %) Duration Samples# (mole %)
Heat No. Other Components (hr) Sample H Sample C Other
OR 30=-9 0.72 1l.2Mo, Bal Ni 500 0.0318 0.0287 0.0325
OR 30-19 1l.44 11.4Mo, Bal Ni 500 0.038h 0.0311 0.0310
S T23011 1l.72 10.2Mo, 1.3Al, 2.9Nb 500 0.00500 0.00983 %3¢
4.8 Cr, Bal Ni

S T23013 1.85 lo.hMo, l.4A1, Bal Ni 500 0.00223 0.00105 33

rl

#Sample designations "H" and "C" are discussed in Chapter IV,
page 2; "Other" designates samples obtained from metallo-
graphic specimens.

##Not determined.
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Figure 1. Hot=leg surface of Ni-Mo alloy containing
1.4y atomic per cent W after 500-hr exposure to Salt 107.
Heat No. OR30-19; 250X.
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Relative Thermodynamic Stabilities

of Alloying Constituents

The salt mixtures supplied for the investigations of
alloying effects on corrosion were extremely consistent in
chemical composition., Accordingly, it may be supposed that
the activities of UFh and UF3 established at the start of
each test were equally consistent., It follows, therefore,
that the relative extent of reaction which occurred between

the salt mixtures and an alloying element

xM + yUF) = M.Fy + yUF,
for which
e} . av
M_F UF
K, = —XJ L (17)
a* . a’
M UF3

can be related to the activity of the fluoride compound,
MxFy’ involving that element.

An indication of the relative activities of these com-
pounds is provided by a consideration of theilr standard free

energies of formation, as derived from the reaction

xM + IFo(g) = MyFy (18)
where AF°T
_ "R
Omepy = ©

In Teble XIV are listed the standard free energies of forma-

tion, per gram=atom of F, of fluoride compounds at 800°C and



TABLE XIV

RELATIVE THERMODYNAMIC STABILITIES OF FLUORIDE COMPOUNDS
FORMED BY ELEMENTS EMPLOYED AS ALLOYING ADDITIONS

(Data compiled by Glassner)2l

Most Stable AF08000(; ( Kcal _) AF°800°C ( Kcal )

Element Fluoride Compound g, atom of F ‘g2. atom of F
Al AlFB =87 -92
Ti TiF3 -85 =90
\s VFo -80 -84
Cr CrFy, =72 =77
Fe FeF, =66 -66
Nb NbFg -58 -60
W WFg =46 -,48

89
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600°C associated with each of the alloying elements investi-
gated. Values are given for the most stable compounds (i.e.,

2l for these

those with most negative free energies) reported
elements, and are listed 1n order of decreasing stabilities.
The resultant order suggests that corrosion-product concen-
trations associated with each element at a given activity
should have increased in the following order: W, Nb, Fe, Cr,
Vs Ti, and Al.

In Figure 15, the general ranges of corrosion-product
concentrations actually observed for these components, when
present as single alloying additions, are plotted as a
function of alloy content. It is seen that, with the excep-
tion of Nb and W, the concentrations per atomic per cent of
addition do increase in the exact order predicted. Only W
noticeably deviates from this predicted behavior; the causes
for this deviation have not been established, although the

number of tests completed on alloys with W additions were

quite limited.

General Discussion of Alloying Effects

The corrosion-product concentrations associated with
either Fe, Nb, or W alloying additions were much lower when
these elements existed in multi-component alloys than in
simple ternary alloys. The reason for this behavior is un-

doubtedly associated with the presence of the more reactive
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alloying additions in the multi-component alloys. If one
considers, for example, a system containing comparaeble addi-

tions of Cr and Fe, for which the corrosion reactions are

Cr + 2UF), = CrF, + 2 UF3 : AF = -a (19)
Fe + 2 UF) = FeF, + 2UF3 : AF = -b (20)
where
lal > [v]

the equilibrium UF3 concentration produced by the first
reaction is higher than that which would be produced by the
second reaction. Accordingly, in the presence of Cr the
FeF, concentration at equilibrium will be reduced compared
to the system containing Fe only.

While this means of corrosion inhibition was effec-
tive for those alloylng components less reactive than Cr,
its effect was not apparent among elements of relatively
high reactivities. Thus, Cr corrosion-product concentra-
tions were the same in the case of alloys containing both
Al and Cr as In the case of alloys containing Cr alone.
Similarly, the presence of Al did not noticeably reduce
the Ti corrosion products associated with Ti-containing
alloys. For most of the multi-component alloys, the amount
of Cr and Ti, on an atomic per cent basis, exceeded that
of Al; consequently their activities could have approached
the activity of the Al component. Nevertheless, the high

Al concentrations of fluoride mixtures after these tests
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suggest a level of UF3 higher than would have been produced
by either Cr or Ti alone, so that some inhibitive action
would be predicted. The fact that none occurred may suggest
that the measured Al concentrations were somewhat higher
than actually existed.#

The metallographic examinations of all alloys in-
vestigated under this program showed considerably less cor-
rosion than Inconel under equivalent conditions. Surface
roughening or shallow pitting was manifested in hot-leg sec-
tions of all the loops tested. Shallow subsurface voids
were also seen in Al- and Nb-containing systems. Alloys
containing more than one alloying addition invariably were
attacked to depths greater than alloys containing each of
the additions individually. The greatest depths of attack,
which ranged from 0.003 in. to 0.,0045 in. in 1000-hr ex-
posures, were incurred in alloys which contained combined
additions of Al and Cr or Al and Ti. Alloys without either
Al or Ti in no case exhibited attack to depths of more than
0,002 in. and generally showed attack in the range from

0,001 in. to 0,002 in.

#Considerable difficulty was in fact encountered in
analyses of this element by wet chemical methods. Analyses
of a limited number of samples were consequently made using
semi-quantitative spectrographic techniques. Concentrations
obtained by the latter technique were lower by a factor of
approximately 2/3 than the values that were reported in
Tables VII and VIII.
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In the case of the majority of alloys tested, the rate

of attaék between O and 500 hours was substantially greater

than the rate occurring between 500 and 1000 hours. This
finding is in agreement with the concentrations of corrosion
products, which in general increased only slightly between
the periods of 500 and 1000 hours. Both results suggest that
nearly steady-state conditions were established within the
first 500 hours of test operation.,

The favorable results of these tests permitted the
consideration of the majorlity of potentially-useful alloying
components in the selection of an optimum alloy composition,
Only Ti and Al were felt to afford potential corrosion prob-
lems, particularly if used as combined additions or in com-
bination with Cr., Because Cr had proved an extremely effec-
tive alloying agent in regard to both strength and oxidation
improvements, this alloying addition was utilized for the
selected container material, INOR-8. The level of Cr in this
alloy was fixed at 7 per cent, which is the minimum amount
required to impart oxidation resistance to the Ni-1l7 per cent

22 Tne addition of Cr as e Fe-Cr alloy also im-

Mo system.
parted approximately 5 per cent Fe to the system., While the
INOR=8 alloy was not tested as part of the initial alloy

study, its corrosion properties can be considered equivalent

to those of the ternary Cr-containing alloys discussed above,



™
II. CORROSION PROPERTIES OF INOR-8

The materialization of INOR-8 as a container material
for fluoride salt reactors focused further corrosion studies
on this specific composition. The corrosive action of
fluoride salts on this alloy, as would be expected, was
selective and involved primarily the Cr cohstituent. Con-
sequently, the corrosion rates in the alloy were allied with
the rates at which Cr atoms diffused to surfaces undergoing
corrosion. It was difficult in this case to relate the ex-
tent of corrosive damage to weight-=loss or decrease in wall
thickness, since these criteria failed to provide a measure
of the extent and distribution of alloy depletion in zones
beneath the exposed surfaces. Unfortunately, the affected
areas were relatively shallow, so that analysis by chemical
methods was also precluded. However, the use of radiotracers
afforded a tool by which both the diffusivities of the af-
fected element in the alloy and the rate of passage of the
element out of the metal could be measured. Accordingly, the
chemical composition of the alloy could be determined as a
function of depth even though the affected areas were ex-
tremely shallow,

The results of measurements of Cr diffusivities in
INOR-8 using these radiotracer techniques are outlined in

this section. Also presented are the results of a test
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operated to verify experimentally the corrosion rates and
concentrations of depleted areas predicted by these dif-

fusivities.

Radiotracer Diffusion Experiment (Loop 1248)

Diffusivity measurements. Measurements of the dif-

fusion coefficients (diffusivities) of Cr in INOR-8 were
provided by the operation of a single thermal convection loop
experiment constructed of INOR-8 and exposed to a circulating
fluoride mixture containing the radiotracer Cr-51, as de-
scribed in Chapter IV, Fifteen specimens, representing 15
distinct temperature levels within the loop, were removed
following operation, and the count rates of each specimen
were recorded over a 2-min period to determine the amount of
radioactive atoms present. By means of equation 7A in Ap-
pendix A, a Cr diffusion coefficient for each specimen and
its corresponding temperature were computed on the basis of
total radioactivity in the specimen and the time of exposure.
The coefficients calculated by this method are shown as open
triengles in Figure 16, Tables listing values of diffusivi-
ties and the measured radioactivity levels and other experi -
mental data from which diffusivities were derived are
contained in Appendix B,

Diffusion coefficients for Cr in these specimens were

also determined from measurements of the tracer concentration
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profile beneath surfaces of the loop whlich had been exposed
to salt. Successive layers were removed from these surfaces
by electropolishing, and the radioactivity of each layer was
determined by counting the electrolyte and by measuring the
radioactivity loss in the specimen during each polishing.

By means of these data, the percentage of radioactivity re-
maining after each polishing operation was established as a
function of distance from the surface. Values of D were then
computed for several distances below the surface using
equation 8A in Appendix A. The arithmetic average of these
values, which are shown for a typical specimen in Table
XVIII, Appendix B, was then used to arrive at the functional
relationship shown in Figure 17. Deviation of the experimen-
tal data from the derived curve is significant only for values
of the ordinate below 10 per cent. This observation was
found to hold for all of the test specimens examined.

A comparison of the D values obtained by the two
methods described is shown in Figure 16, It is seen that at
the higher temperatures, points based on the concentration
profiles lie above those based on total specimen counts,
while at lower temperatures the opposite is true. All points,
however, are well within the over-all experimental precision,
estimated to be + 0.4 of a cycle.23

Values of the diffusivities of Cr in INOR-8, averaged

as the straight line shown in Figure 16, compare rather
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closely to similar data which have been published for the
diffusion rate of Cr in Ni alloys. Generalized plots of Cr
diffusivities for coarse- and fine-grained Inconel, which
were obtained by Evans, et gl.,zu using the capsule technique
described in Appendix A, are compared with values for INOR-8
in Figure 18. Also shown in Figure 18 are the values of Cr
diffusivities reported in the literature for a Ni-based Cr
alloy as determined at higher temperatures using a more
conventlonal radlotracer technique.25

In order to verify that non-corrosive conditions were
maintained during the operation of Loop 1248, sections of
the loop adjacent to each of the diffusion specimens were
examined metallographically. The appearance of the loop sur-
face before test is compared in Figure 19 with a section re-
moved from the point of maximum loop-wall temperature. The
complete absence of corrosive attack in the latter specimen,
as well as in other metallographic specimens removed from the

loop, confirmed that the postulated non=-corrosive conditions

were closely realized.

Significance of diffusion coefficients. As discussed

in Appendix A, the equations with which the data for the Loop
1248 experiment were correlated are based on a single phenom-
enologlical diffusion coefficient, as would be used to repre-

sent a homogeneous bulk diffusion process taking place in an
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isotropic medium. In polycrystalline materials, such as the
INOR-8 specimens used for this experiment, however, there is
a contribution due to grain-boundary diffusion. Theoretical
treatments of such cases by Fisher26 and Whipple27 revealed
that the time dependence of the penetration relationships
would be altered when both mechanisms are combined., However,
an analysis by Evans, et g;.,ze for diffusion in Inconel
indicated that under the time and temperature conditions of
the present experiment, grain-boundary diffusion would be of
ma jor importance only in the portion of the tracer profile
curves corresponding to less than 10 per cent of the tracer
remaining., As was noted previously, a deviation of data
points from the profile curve based on an average diffusivity

(Figure 17) was encountered only where the remainder of

tracer fell under 10 per cent.

Radiotracer Corrosion Experiment (Loop 1249)

The data of Loop 1248 afforded a basis for impounding
a known quantity and concentration gradient of Cr tracer in
any INOR-8 loop system through exposure to tracer-containing
salt. Since this exposure did not alter the original loop
composition, it was possible by this means to produce an
ideal system from which to initiate a corrosion experiment
and trace the movement of Cr by means of the tagged atoms.

Thus, Loop 12,8 served as the control experiment for the
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operation of a second INOR-8 radiotracer test, Loop 1249,
which was intended to evaluate the validity of predicted Cr
diffusion rates and alloy depletion profiles under corrosive
conditions,

The applicability of the diffusion coefficients of
Loop 1248 for the prediction of INOR-8 corrosion rates de-
pended on two primary assumptions:

l. The corrosion rates were limited by the diffusion
rates of Cr to loop surfaces undergoing depletion.

2. Diffusion coefficients calculated at the Cr
concentration 1level of INOR-8 were valid despite changes
in Cr concentration caused by corrosive attack,
To check the validity of these assumptions, Loop 1249 was
exposed to Cr tracer under the same non-corrosive conditions
used in Loop 1248, A corrosive agent, FeF,, was then added
without otherwise disturbing the operating conditions. The
addition of FeF,, a strong oxidant with respect to Cr, was
intended to reduce the total Cr concentration at the surface
to essentially zero? Moreover, it was not expected that this
addition would affect the other components of INOR-8. Follow-
ing the addition of FeF,, the loop was operated for 26l addi-

tional hours and then was quickly drained, Fifteen specimens

*The equilibriﬁm constant for the reaction Cr + FelFp =
CrF, + Fe is 1.5 x 10" at 600°C and is greater at higher
temperatures.,
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were agaln removed for examination at positions corresponding

to those examined from Loop 1248.

Diffusivity measurements. Initial determinations of

the diffusivities of Cr under these corrosive conditions were
made on the basis of equation 15 in Chapter IV, which related
an "overall" diffusion coefficient to the total specimen
radioactivity. The concentration profile of each specimen
was next determined by electropolishing, which allowed dif-
fusivities to be derived using equation 16 in Chapter IV.
Results of both methods are shown in Figure 20, together with
the average data for Loop 1248. Data from which these dif-
fusivity determinations were made and the corresponding dif-
fusivities are presented in Appendix B.

Despite the change in total Cr concentration which
occurred across the diffusion zone in Loop 1249, the diffu-
sivities calculated on the basis of total specimen counts
compared closely with the average diffusivities calculated
for Loop 1248. Diffusivities based on measurements of the
tracer concentration profiles, however, lay slightly above
the data for Loop 1248. The concentration profile curve for
a specimen from Loop 1249 exposed at 813°C is shown in Figure
21. The curve represents a plot of the theoretical profile
function (equation 16) derived for the boundary conditions of

the experiment, and 1s based on an average diffusivity value.
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It will be noted that this single diffusivity establishes
excellent concurrence between the function and all experimen-
tal points except those corresponding to relatively low per-
centages of tracer remaining in the specimen., This concur-
rence would not be expected if the diffusivity changed
measurably as a function of Cr concentration.

In view of the similarity of diffusivities calculated
on the basis of totael radioactivity in specimens from Loops
1248 and 12,49, it appeared that the overall amount of tracer
which entered and which was removed from specimens in Loop
12,9 compared exactly with that predicted by diffusion rates
from Loop 1248. However, the distribution of tracer in Loop
12,9 was such that higher diffusivities than for Loop 1248
were calculated from analyses of the concentration profiles.
The reason for this discrepancy 1is believed to be associated
with grain-boundary effects.

Grain-boundary effects, based on the extent of de-
viation of data points from the generalized profile curves
at higher penetration depths, were more predominant in Loop
12,49 than in Loop 1248. This observation is understandable
considering that the ratio of tracer contained relatively
deep in the alloy to the total amount of tracer present
was lower for Loop 1248 than for Loop 1249. Thus, in the
case of Loop 1249, the distribution of tracer relatively

deep in the alloy was affected significantly by grain-
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boundary diffusion and made a substantial contribution to the
concentration profile curves., It is important to note that
these curves were based on the percentage of tracer remaining
in the specimen. In the case of Loop 1248, the contribution
was relatively small except at percentages below 10 per cent.
Since the rates of diffusion along grain boundaries invari-
ably are higher than rates for volume diffusion, values of
the apparent diffusivities should be increased correspond-
ingly as grain-boundary effects become important,

These effects were of less importance in calculations
of diffusivities based on total specimen radioactivity, since
the latter calculations reflected the total amounts of tracer
which entered the specimen and the total amounts withdrawn.
In each case the bulk of the toteal amounts were made up of
atoms close to the surface, where volume diffusion effects

were predominant.

Corrosion rates. In view of the similarity of Cr dif-

fusion coefficients calculated for Loops 1248 and 1249, it
was evident that corrosion rates predicted for Loop 1249 on
the basis of data from Loop 1248 should agree closely with
measured corrosion rates. The agreement expected 1s demon-
strated in Figure 22 which compares the extent of tracer
depletion observed for a specimen from Loop 1249 with that

predicted using the diffusivity measured in a specimen at a
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simllar temperature position in Loop 1248. Curve (1) in Fig-
ure 22 shows the predicted concentration of tracer which
would have existed In the specimen at the conclusion of the
test if the FeF, addition had not been made, 1.e., under non-
corrosive conditions. Curves (2) and (3) represent the pre-
dicted and observed tracer concentrations, respectiveiy, fol-

lowing the 26lL-hr exposure to the salt containing FeF,. The

latter concentrations were derived by means of the functionsi*

[0(92-51)]t=t1

[C(Qf'sl)]x=o
0=t =t,

(21)

erf —X - erf — -
2 VD(t'-to) 2 VDt!

where

3

C = concentration in g/cm

t! = total time of loop operation
(t'-ty) = duration of FeF, exposure (264 hr)
and accordingly are shown as the per cent of the surface con-
centration of tracer which existed prior to the FeF2 addi-

tion.

Diffusivities determined in each loop experiment were
applied in a similar manner to calculations of the concentra-
tion profile and depletion of &all Cr atoms for this specimen.

Under the condition of constant surface concentration, i.e.,

#This function is the differential form of the equa-
tion corresponding to the curve shown in Figure 21.
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[CQI]x=o = 0, which was effected by the FeF, addition, the
concentration of Cr atoms at any depth, x, 1s given by the

expressions

X (22)

[C(X)]t=t' = C, erf Eﬁ7§Tf$f§:T—-

where
C, = initial Cr concentration of INOR-8 (g/cm3)
Curves (4) and (5) in Figure 22 show the concentration of Cr,
in terms of the per cent of initlal Cr concentration, as pre-
dicted by this expression using the diffusivities obtained
from Loops 1248 and 1249,% respectively. It is apparent that
the extent of Cr depletion predicted by data from Loop 128
is slightly less than that predicted from the observed move-
ment of tracer in Loop 12,9.

The appearance of the corrosive attack produced in
Loop 12,49 by the FeF, addition can be seen in Figure 23,
which shows photomicrographs of the hottest and coldest sec-
tions of this loop. Attack in the former section, which
operated at a temperature of 857°C, occurred as both concen-

trated surface pitting and shallow subsurface void formation.

In the lower-temperature section, which operated at 684°C,

#The diffusivity used in the case of Loop 1249 was
that based on the concentration profile of tracer rather than
the total sample radioactivity. Had the latter diffusivity
value been used, the Cr depletion curve would have been
identical to that predicted by Loop 1248.
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attack was much less severe, appearing as lightly concen-
trated surface pitting. Using the Cr diffusivities which had
been calculated for the se respective loop positions (based on
the concentration profile), computations were made of the
comparative amounts of Cr removed per sq cm in each of the
sections. The relaetion used for these computations was of

the form:

o=

j[co - c(x)] ax = V%Vn(t'-to) c,  (23)

o

AM

The extent of Cr removal over the 26lL-hr test period was cal-
culated to be 9.2x10'u g/cm2 in the case of the higher tem-
perature specimen and 1.ux10‘4 g/cm2 in the case of the lower
temperature specimen.

The removal of Cr as a consequence of oxidation by
FeF, was seen by equation 3 to release a nearly equivalent
amount of metallic Fe to the loop system. The corrosion
rates calculated above indicate that the amounts of Fe, if
completely deposited at the loop surfaces where the FeF,-Cr
reactlion occurred, would amount at most to 10-3 g/cmz. This
value corresponds to a uniform Fe deposit of 1.27 microns.
Since no evidence of a metal layer could be discerned metal-
lographically, it is presumed that diffusion of Fe into the
base metal occurred simultaneously with the leaching of Cr

from the metal,
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In summary, the depletlon rates of Cr in the FeF)
experiment followed closely the pattern predicted by the
assumption that corrosion rates were controlled by the solid-
state diffusion rates of Cr in INOR-8. In addition, the
observed diffusion rates corresponded closely to the diffu-
slon rate of tracer determined under non-corrosive conditions

in Loop 1248.

Corrosion of INOR=-8 by UF),

The diffusivity data obtalned through the operation
of Loops 1248 and 1249 can be applied to calculations of the
corrosion rates of INOR-8 by fluoride mixtures containing
UFu. These calculations, however, are considerably more

complex than in the case of the FeF_ corrosion experiment.

2

Cr mass transfer by UFh-containing salts. If pure

salt containing UFM but no corrosion products were added to
an INOR-8 loop operating polythermally, all points of the
loop initially would experience a loss of Cr in accordance
with the Cr-UF), reactions (equations 7 and 12) discussed in
Chapter III. Eventually the corrosion-product concentration
of the circulating salt would increase as a result of this
reaction to an amount corresponding to equilibrium at the
lowest temperature in the loop. At regions of higher tem-

perature, however, a driving force would still exist for Cr
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to react with UFh. Thus, the corrosion-product concentration
would continue to increase, and the temperature points at
equilibrium would begin to move away from the coldest tem-
perature point. At this stage, Cr would be returned to the
walls of the coldest point of the system. The rise in
corrosion=-product concentration in the circulating salt would
continue until the amount of Cr returning to the walls ex-
actly balanced the amount of Cr entering the system in the
hot-leg regions. Under these conditions, the two positions
of the loop at equilibrium with the salt, which are termed
the "balance points," would not shift measurably with time.
In addition, the rate of the movement or mass transport of
Cr from hot- to cold=-leg regions would gradually diminish
with time if this rate were diffusion controlled.

During the initlial or unsteady-state period of corro-
sion, the mathematical interpretation of Cr migration retes
in polythermal systems is extremely complex, because of rapid
compositional changes which occur continuously in both the
salt mixture and at the surface of the container wall. A
manifestation of this complexity is apparent in cold-leg
regions, where Cr concentration gradients are reversed as
corrosion products builld up within the salt. Unfortunately,
the effects of unsteady-state operation serve also to compli-
cate the interpretation of steady-state operation. However,

an idealized approach to the study of Cr migration under



steady-state conditions is afforded by assuming the salt
mixture to be pre-equilibrated so as to contain amounts of
CrF2 and UF3 which establish a steady-state condition at the

beginning of loop operation.#

Calculation of corrosion rates. Calculations for the

case of pre-equilibrated salt systems were developed by
Evans29 in conjunction with corrosion studies of Inconel and
can be extended also to INOR=8. As a means for demonstrating
these calculations, it is convenient to apply them to a pre-
equilibrated polythermal INOR-8 loop in which the salt system
NaF-ZrFu—UFh (50-46-l mole per cent) is circulated between
the temperature limits of 600°C and 800°C. It is assumed
that the steady-state salt concentration is in equilibrium
with INOR-8 at the coldest point of the system, i.e., that
the balance point of the system is at 600°C. Under this con-
dition, the amount of Cr depletion and hence the corrosion

rate at 800°C 1s the highest attalnable under steady-state

#It is evident that pre-equilibration of the salt mix-
ture would afford an expedient means for reducing corrosive
attack in INOR-8 systems, since it would eliminate the ini-
tial or unsteady-state period of corrosion during which
relatively high corrosion rates are sustained. However, to
achieve criticality in reactor systems which are presently
under study, it 1s planned to add UF) incrementally to the
salt mixture until a desired reactivity is achieved. Under
these conditions, the program required to maintain a pre-
equilibrated salt with each UFM level becomes extremely
complex.
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conditions.# Additional assumed boundary conditions are:

1. The overall rate of transfer is controlled by the
diffusion rate of Cr in the container material, since this
diffusion rate can be shown to be considerably lower than the
rates of reaction and of mixing which are lnvolved in the
transfer process.

2. Chemical equilibrium with respect to Cr and the
salt mixture exists at every surface point within the loop
system.

3. At any time the cumulative amount of Cr removed
from the hot zone equals the cumulative amount deposited in
the cold zone. Accordingly, the concentrations of UF3, UFH’
and CrFZ, assuming the salt to be rapidly circulated, do not
vary with loop position or time.

In accordance with condition (2), the surface concen-
tration,(Ngz)s, at the 800°C temperature point can be ex-
pressed in terms of the equilibrium constant, K,, determined

for equation 7 in Chapter III.

2 2
Qr. Frr. @ ur. Qorr
K. = 3 2 .3 "2 (24)
a2 .a.). a? ..
UFLL‘ Cr's m«*u' Cr's

#This condition in the case of the NaF-ZrF) -UF), salt
system would be attainaeble only if the loop surfa%e area and
hence the rate of Cr deposition at 600°C is infinite with
respect to the surface area and rate of Cr removal at higher
temperature points.



98

2
1 L yr, Gorr,
[(ge) g ] goooc = (Kdgoo%s| a2y (25)
L
but
2 |
Q UF Yorr,
a? ) [(NC_I’.)s]éooOC " (Ka) 000 (26)
UFL'_
so that
(Kq)
(N,.) = _ %7600°C | (Ngp)

The balance points of the system, which are at 600°C, have

been defined such that

\
Therefore
- (Ka)éoo°c
Wor)g 800°C Nor)Ivor-8  (29)
(Kodgggog =

and

Co (Ka)goooc
where

C_, = surface concentration of Cr (g/cmB)

s
Co = original Cr concentration of INOR-8 (g/cm3)

The equilibrium constants for the reference salt system at

600°C and 800°C have been measured to be 3.2x10™Y+ and
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5.9x10'u, respectivelyBo; accordingly,

(Cs)gogog = (§f§ C, = 0.54 Cg (31)

Boundery condition (1) states that the overall Cr migra-
tion rate can be expressed in terms of the diffusional flow
which tekes place in the metal., The applicable diffusion
equation for the 800°¢ temperature position under the bound-

ary condition of constant surface concentration is given as

C(x,t) = Cg - AC erf o (32)

where
C(x,t) = Cr concentration at depth x after time t
AC = Cg - C,
Substitutling the value for Cg given by equation 31 in equa-
tion 32, it follows that

C(x,t)
Co

X

(
2 VDt 33)
Knowing the concentration gradient of Cr, it is possible to

0.54 + 0.46 erf

calculate the total amount of Cr, AM, which has been removed

from a unit area of surface during time t, as follows:

AM = o_[ [co - cx, )] ax = o.u46 ¢ Oj(l-erfsz_t)dx
AM = o.us(v%. c, VD) (3L)

Accordingly, the rate of removal of Cr (per unit of area) at

any time t is given as
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d(AM) _ 1 L1 AM (35)
& -o.ué(v.%. Cs\/D T 3

Values of the corrosion rate and total attack at 800°C
predicted by equations 32 and 33, respectively, are plotted
in Figure 24 for time periods up to 18 months. The cor-

2, is seen to

rosion rate, measured in units of 10'“ g/mo*cm
decline to a relatively low value after the first 3 months
of operation. After 18 months the specimen loses only about
1 mg/cm2 of Cr. At this time the midpoint of Cr depletion%
is located at a distance of only 0.0013 in. from the exposed
surface.

The following conclusions can be drawn from calcula-
tions of the corrosion of INOR=-8 under the assumed steady-
state conditions:

1. Even under the assumption that corrosion products
remained at a level in equilibrium with the INOR-8 container
at its coldest point (600°C), the Cr surface concentration
at 800°C is lowered to no more than one-half of the original
surface concentration, as given by equation 31. Thus at no
point in any steady-state system operating between 600°C and
800°C with the postulated salt mixture would the Cr concen-

tration of the container system fall below 3.5 per cent.

#The "midpoint of depletion" as applied to diffusion
processes refers to the point in a semi-infinite medium which
has reached a concentration midway between the initial and
ultimate concentration. Its distance from the surface is

approximately equal to -/Dt,
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Figure 2lj. Calculated corrosion rate and cumulative
attack for 800°C section of INOR-8 loop containing pre-
equilibrated NaF-ZrF 'UFL|. (50-46-l mole per cent) salt.
Assumed test conditidns:™ hot-leg temperature - 800°C;
cold-leg temperature - 600°C; salt in equilibrium with

INOR-8 at 600°C.
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2. Under the assumption that Np, ~ Qqn, the rate of
Cr depletion is in direct proportion to the Cr concentration
of the container material (equation 33). Therefore, the re-
ductlion of Cr mass transfer which 1s effected by modifying
the Cr concentration of the container material is in direct
proportion to the resultant reduction in the thermodynamic

activity of the Cr constituent.



CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS
I. COCNCLUSIONS

1. The corrosion properties of solid-solution alloy-
ing elements in the Ni-17 per cent Mo system were investigsted
in molten mixtures of NaF-LiF-KF-UFu (11.2-41.0-45.3=-2.5 mole
per cent). The corrosion susceptibility of alloying addi-
tions was found to increase in the following order: Fe, ilb,
V, Cr, W, Ti, and Al., With the exception of W, the suscep-
tibility of these elements to corrosion increased in approx-
imately the same order as the stabilities of fluoride
compounds of the elements,

2. The corrosion-product concentrations produced by
either Fe, Nb, or W alloying additions in the above salt
mixture were much lower when these elements existed in com-
bination with Cr, Ti, or Al than when they existed as single
alloying additions. In contrast, corrosion-product concen-
trations associated with Cr, Ti, or Al were unchanged by the
presence of other alloying constituents.

3. Corrosive attack in Ni-Mo alloys containing single
alloyling additions was manifested by the formation of small
surface pits. The depth of pitting was in the range of 0.001
to 0.002 in., after both 500-hr and 1000-hr test intervals.
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Subsurface voids to depths up to 0.004 in. were also detected
in alloys contalning Al in amounts greater than 2 atomic per
cent.

4. Alloys containing multiple additions were in all
cases attacked to greater depths than alloys containing single
alloying additions. The highest depths of attack which renged
from 0.003 to 0.0045 in. in 1000 hours were incurred in al-
loys containing combined additions of Al and Cr or Al and Ti,

5. The diffusivities of Cr=-51 in INOR-8 were measured
between temperatures of 680°C and 870°C and found to be in
the range lO'12 to 10'1h cm2/sec. These values were similar
to diffusivities which have been reported for the diffusion
of Cr in Ni-Cr alloys. Diffusivities of Cr in INOR-8 in
which Cr concentration had been depleted by exposure to FeF,
were similar to Cr diffusivities determined under conditions
of constant Cr concentration.

6. Diffusivities which governed the rate of Cr-51
movement in areas of the INOR-8 alloy farthest removed from
the Cr-51 source were higher than diffusivities which governed
movement in the alloy closer to the source. This observation
was attributed to the increased importance of grain-boundary
diffusion relative to volume diffusion at higher penetration
depths.

7. The mechanisms which control the corrosion behavior

of INOR-8 in fluoride salt mixtures may be investigated by
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implanting Cr-51 in a thermal convection loop and following
the movement of this tracer under controlled corrosion con-
ditions. In an experiment of this type, which was conducted
with the corrosive agent FeFp,, the observed corrosion rates
corresponded to those predicted by assuming corrosion to be
controlled by the diffusion rates of Cr in INOR-8.

8. The corrosion rates of INOR-8 in fluoride mixtures
containing UFu may be calculated under the assumptions that
these rates are controlled by the diffusion rates of Cr in
INOR-8 and that the surface concentration of Cr at the con-
tainer surface 1s in equilibrium with the salt mixture. Such
calculations indicate that the Cr concentration of INOR-8
loops which contain pre-equilibrated mixtures of NaF-ZrFu-UFh
(50-L6-L mole per cent) between 600°C and 800°C should

remain at all times above 3.5 per cent.
II. RECOMMENDATIONS

1. The results of experiments carried out in recent
years on the mass transport of Cr in INOR-8 systems contain-
ing fluoride fuels have strongly suggested that the over-all
mass transport rate is controlled by the diffusion rate of
Cr within the metal., The present studies provide a basis for
the controlled implantation of radioactive Cr within the
walls of any INOR-8 loop system, so that the movement of Cr

may be followed 1n terms of the migration of tracer. It is,
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therefore, recommended that a UFh corrosion experiment be
programmed such that the observed movement of radiotracer
can be correlated with computations of mass transport rates
based on measured diffusion rates of Cr in INOR-8.

2. As an adjunct to predictions of the corrosion be-
havior of INOR=-8 in UFu-ca1ta1ning salts, the thermodynamic
activity of Cr in Ni-Mo systems should be determined for Cr
concentrations in the range from 3 to 10 per cent.

3. Experimental procedures which were utilized in
the present investigation to determine Cr diffusivities in
INOR-8 could be extended without modification to evaluations
of Cr diffusivities in any alloy system composed of Fe, Cr,
Mo, and Ni., It would be of interest to apply this technique
to evaluations of diffusion coefficients of Cr in Fe-base
alloys and to compare rates in these systems with rates which

have been determined for Ni-base alloys.
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APPENDIX A

Cr DIFFUSION MEASUREMENTS

As discussed 1n Chapter III, values of the diffusion
coefficients for Cr in Ni-base alloys are pertinent to the
interpretation of selective corrosive attack which occurs in
these alloys when exposed to flowing fluoride salts. Toward
this end, methods were developed at ORNL for the application
of the radiotracer Cr-51 to the study of Cr diffusion in Ni
and Ni-Mo alloys.1 The objective of these studies was to
determine the rate of movement of Cr into or out of the alloy
as a function of surface concentration, time, and temperature.
Accordingly, the coefficients computed represent the combined
effects of grain-boundary and matrix diffusion, and no rigor-
ous attempt was made to separate the relative contributions

of either process.

I. APPLICATION OF FUSED FLUORIDE
MIXTURES TO DIFFUSION STUDIES

The experimental methods employed for the diffusion
studies utilized the radioisotope Cr-51, which was placed on
the surface of the selected diffusion medium through the fol-
lowing exchange reaction:

Cr + Cr#Fp = CrF, + Cr# (14)

where Cri# refers to the "tagged" atom, Cr-51
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The Cr*F2 was dissolved in a carrier salt composed of NaF-
ZrFu (53-47 mole per cent), which was kept in contact with
the alloy throughout the diffusion experiments. In addition
to supplying the metal surface with tracer, this salt mix-
ture also served to keep surfaces of the alloy free from
contamination,

Chemical reactions occurring between the NaF-ZrFu
salt mixture and alloy systems under study had been shown
experimentally, as well as from free energy considerations,
to be extremely limited.2 It was reasonable to assume,
therefore, that the only reaction resulting at the surface was
the exchange reaction, equation 1lA. If, in addition, it was
assumed that radioactive Cr (Cri#) was uniformly distributed
throughout the system in the same relative proportions as
natural Cr, the concentration of Cri# at the surface of the

alloy at any temperature was given by

Nors  Norwr,  Noptsw
= =2 . 2= (24)
Nop Nerr, Nor++
or
Yepw . Zortts (34)
WQI: WCI"H'

where W refers to weight fraction
Thus, the concentration of tracer atoms at the surface of the

test specimens was established by the ratio of the radioactive
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to non-radioactive ions in the (Cr,Cr*)F‘2 addition, and not

by the total amount of the addition.
II. DIFFUSION EQUATIONS

In accordance with Fick!'s second law, which 1s
fundemental to diffusion theory, the flow of Cr-51 can be

expressed as

d¢ d2¢
Cr¥ Cr#
ot axz

where

CCr* = concentration of Cr#%

A = area through which diffusion occurs, cm2

D diffusion coefficient, cmz/sec

distance from the surface of the diffusion
medium, cm

X

With the constant concentration of the Cr#F, in the molten
salt durlng a given exposure period, alloy specimens immersed
in the salt absorbed "tagged" Cr under conditions of constant
surface potential, That 1s, the concentration of Cri at the
surface remained constant with time. Furthermore, the thick-
ness of the loop wall could be regarded as infinite relative
to the depth of tracer penetration. Under these boundary
conditions, equation 3A has the following solution in terms

of depth x and time t:

Cope(x,t) = (CCP*)x=oerfc§—$B¥ (54)
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Accordingly, the total amount of radiotracer which has entered
the diffusion medium after time t may be calculated to be

(o)
2
AM = AjC L(x,t)dx = 7==—A'\/DtC
5 Cr&( s ) Tr ( Cr*)x=o

but
(Copw) = (PWg,) = pWg—oxths (64)
Cr# X=0 Sr& X=0 -—-WCr++
so
M - -
o = I - ,o——ngf_ (74)
where

density of the alloy

Yy total counts of the entire specimen per min

counts of the salt per gm per min at t

z
The variable y is & measure of the total amount of tracer
gained by the specimen; 2z is an indirect measure of the
tracer concentration which is maintained on the specimen
surface during exposure to the sale.

After constant-potential exposure, self-diffusion
coefficients were determined by measuring the tracer concen-
tration profile through successive removal and analysis of
thin layers of alloy. An electropolishing technique was
3

developed for achieving closely controlled surface removal,

The electropolishing experiments were conducted as follows:
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after salt exposure, the specimens were alternately counted
and polished until less than 10 per cent of the original
activity remained in the alloy. The per cent of activity
remaining after each polishing was plotted as a function of
the cumulative penetration distances (wall thickness minus
the sum of polishing increments). The experimental plot was
compared to a generalized plot of an equation applicable to
the experimental procedure. For a constant-potential, semi-
infinite system, with an initial tracer concentration of

zero, the equation is

oQ
F(x) = 100V jerfc u du (84)
X

where

F(x) per cent of original activity remaining at

penetration x, cm

—_
2(Dt)z

oQ
Values of j'erfc u du are avallable in teabular form in

the literatgre.u
III. TEST APPARATUS

Diffusion experiments utilizing fused fluoride salts
as the tracer carrier may be conveniently conducted in either
a static capsule or flowing loop system., A detailed descrip-
tion of the procedures utilized to perform capsule experiments

has been given by Evans, et gl.S Briefly, the alloy specimens
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employed were small (1/L-in OD thermocouple wells) and were
immersed in a relatively large volume of salt (200 cc). The
salt was contained in a vessel of the same alloy material
which, prior to the introduction of the sample, had been
heated in contact with the solution to about 950°C and had
absorbed Cri# for some time. After this pretreatment, the
temperature of the system was lowered to the temperature of
interest and the specimens were introduced. In this manner,
not only the salt but also the walls of the vessel served as
reservoirs of Cr#., Experimentally, the Cr#F, concentration
in the solution could be maintained essentially constant
throughout the duration of the specimen exposure,

Loop experiments offer several advantages over the
capsule experiments. It is possible in a loop experiment to
effect a gradient of temperatures, so that a single test run
can provide diffusion coefficients for a multiplicity of tem-
perature levels. Furthermore, in loop experiments all of
the alloy specimens are exposed to the same salt solution,
resulting in better control of the salt radioactivity as an
experimental variable.

The thermal convection harp, described in Chapter IV,
affords a simple and economical means for achieving the de-
sired temperature gradient and dynamic flow conditions., Salt
containing Cr#F, is introduced into the loop in the same man-

ner as in capsule experiments. To afford a constant Cr
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activity at the surface, however, additions of Cr#F, during
the course of the experiment may be required to replace Cr-51
which has transferred from the salt to the metal. After
operation with salt, several small sections are taken from
around the loop which effectively provide a series of cap-
sule tests at various temperature levels. Each of these
sections is counted for total radioactivity, as in the case
of capsule experiments, and then the inside surfaces are

polished to obtain the Cr-51 concentration profile.
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APPENDIX B

DATA FOR RADIOTRACER EXPERIMENTS

Values of Cr diffusivities and data utilized for
their computation are presented in this section.

Table XV lists the surface area, density, and Cr
contents of the INOR-8 test specimens removed from radio-
tracer Loops 1248 and 1249, Also shown are the Cr concen-
trations and radioactivity levels of the salt mixtures
circulated in these loops.

Tables XVI and XVII provide tabulations of Cr
diffusivities, along with data used for their determination,
based on total specimen radioactivity. Data for Loop 1248
are shown in Table XVI and those for Loop 1249, in Table
XVII.

The procedures which were followed in the calcula-
tion of Cr diffusivities based on the Cr-51 concentration
gradients of specimens from Loops 1248 and 1249 are indi-
cated in Tables XVIII and XIX, respectively. The values of
Cr diffusivities obtained by this method for Loops 1248 and
12,49 are listed in Tables XX and XXI,
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PROPERTIES OF INOR-8 SPECIMENS AND SALT MIXTURES

USED FOR RADIOTRACER LOOP EXPERIMENTS

& Experimental Value
Property Symbol Loop 1218 Loop 12E§

Surface Area of

Test Specimens (cm2) A 11,039
Density of Test

Specimens (g/cm3) o) 8.79
Weight Fraction of Cr L 0.0690
in Test Specimens

Weight Fraction of Cr++ WC - 0,00180
in Salt r

Radioactivity Level of
Salt (counts for 2-min z 681,820
counting period)ss

11.039

8.79
0.0741

0.00277

307,000

#Symbol refers to the property designation used in

equation TA.

##Correction for radioactive decay was provided by

recording salt radioactivity and specimen radioactivity

at the same point in time.



TABLE XVI

TOTAL SPECIMEN RADIOACTIVITIES AND CORRESPONDING Cr DIFFUSIVITIES
MEASURED IN INOR-8 LOOP 1248 AFTER 500-HR EXPOSURE TQO SALT

Thermal Coefficient

Operating of Expansion Total Specimen D x 1013

Spec. Temp. between 20°C and Radioactivity# g 0 Log. . D

No. (°c) Operating Temp.# Bcounts/&min)xlO'j (em™/sec) 10
1 832 1.012 1,807 2.72 -12.566
2 870 1.012 2,278 .33 -12.364
3 867 1.012 2,207 L.07 -12.390
I 821 1.012 1,66l 2.31 -12.638
5 849 1.012 1,997 3.33 -12.478
6 826 1.012 1,595 2.9 -12.604
7 801 1,011 1,532 1.95 -12.710
8 786 1.011 1,385 1.60 -12.798
9 765 1.010 1,212 1.22 -12.915
10 691 1.009 689 0.394 -13.405
11 700 1.009 760 0.479 -13.320
12 716, 1.010 858 0.616 -13.210
13 728 1.010 911 0.695 -13.158
1l i 1.010 988 0.812 -13.091
15 807 1.011 1,629 2.20 -12.658

#This factor was used to correct for changes in density and surface area occur-
ring between room temperature, where measurements of these properties were
made, and the specimen operating temperatures.

s#%Radiocactivity of specimens was determined at the same time that salt radio-
activity (Table XV) was recorded.

o2t



TABLE XVII

TOTAL SPECIMEN RADIOACTIVITIES AND CORRESPONDING Cr DIFFUSIVITIES
MEASURED IN INOR-8 LOOP 1249

Thermal Coefficient Total Specimen

Operating of Expansion i 1

Spec. Temp. between 20°C and Radloactivitys# D x 101 Lo

No. (°c) Operating Temp.#% [(counts/Zmin)xlO'j] (em?/sec) €10 D
1 813 1.011 402.8 2.48 -12.606
2 836 1.012 L67.6 3.35 =12.475
3 857 1.012 477.8 3.50 -12.456
L 852 1.012 L62.7 3.28 -12.48)
5 8&% 1.012 L78.2 3.50 -12.456
7 810 1.011 435.1 2.89 -12.539
8 810 1.011 402.3 2.48 -12.606
9 8ol 1.011 391.4 2.34 -12.631
10 68l 1.009 129.2 0.254 -13.59
11 69 1.009 127.6 0.249 -13.604L
12 71 1.010 160.3 0.391 -13.408
13 TLh2 1.010 1681.3 0.502 -13.299
1 768 1.011 242.9 0.902 -13.04L
15 813 1.011 430.9 2.8, -12.5,6

#This factor was used to correct for changes in density eand surface area occur-
ring between room temperature, where measurements of these properties were
made, and the specimen operating temperatures.

s##Radioactivity of specimens was determined at the same time that salt radio-
activity (Table XV) was recorded.

1et



TABLE XVIII

SAMPLE CALCULATIONS OF Cr DIFFUSIVITIES BASED ON CONCENTRATION GRADIENT
OF Cr-51 IN SPECIMENS FROM LOOP 1248

Specimen No. 15 (exposed at 807°C)
Time of Exposure = 1.80 x 106 sec

F(x)
x (microns (per cent
removed Radioactivity of Cr-51 uiE D x 1013 D x 1013
from of Specimen left in () 2 VDt x Corrgetedu
surface ) (counts/2min) specimen) 2 VDt (microns) Lcmz/sec) (cm=/sec)
0.00 783,540 100.0
0.83 - 90.0 0.055 15.1 3.16 3.23
1.08 673,700 86.0
2.15 573,880 73.2
2.40 - 70.0 0.19 12.6 2.21 2.26
L.30 397,390 50.7
L.30 - 50.0 0.35 12.3 2.10 2.15
6.45 272,190 3.7
.52 - 30.0 0.57 12.7 2.2, 2.29
10.8 130,130 16.6
15.1 65,100 8.31

Average = 2.60

#Values of x corresponding to F(x) = 90, 70, 50, and 30 per cent were inter-
polated from experimental data.

s#tValues of u represent solutions of equation 8A (Appendix A4).
sesCorrection takes into account thermal contraction; see Note (#), Table XVI.

cct



TABLE XIX

SAMPLE CALCULATIONS OF Cr DIFFUSIVITIES BASED ON CONCENTRATION GRADIENT
OF Cr-51 IN SPECIMENS FROM LOOP 1249

Specimen No. 15 (exposed at 813°C) 6
Total Time of Exposure to Salt (t') = 3.78 x 10~ sec

F(x)
x (microns (per cent D x 1013
removed  Radioactivity of Cr-51  W¥¥ 13 X
from of Specimen  left in (_x_y 2VDbt D 1210 Correctedshu
surface)# (counts/2min) specimen) '2 YDt  (microns) (cm</sec) (cm?/sec)

0.00 32l,567 100.0

0.49 323,947 99.8

0.99 323,067 99.5

1.48 322,937 99.4

2,147 318,027 98.0

3.46 312,697 96.3

5.75 - 90.0 0.225 25.6 L.33 L.4y2
5.79 289,917 89.3

8.0 261,517 80.5

11.) - 70.0 0.430 26.5 L.6L L7l
13.3 205,557 63.3
17.h 4 50.0 0.60,  28.8 5.48 5.60
18.3 152,467 L7.0

2l.6 2 30.0 0.817 30.1 5.99 6.12
25.7 89, 307 27.5

33.1 48,427 4.9

38.0 31’527 907 Average = 5022

#Values of x corresponding to F(x) = 90, 70, 50, and 30 per cent were inter-
polated from experimental data.

##Values of w represent solutions to equation 16 (Chapter IV).
##stCorrection takes into account thermal contraction; see Note (%), Table XVI.
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TABLE XX

Cr DIFFUSIVITIES MEASURED IN INOR-8 LOOP 12,8
BASED ON Cr-51 CONCENTRATION PROFILE

Specimen

No.

oo L NN AV =g VO \V ]

Diffusivities Calculated
From Concentration Gradient
Based on Radioactivity
Entering Electrolyte

Diffusivities Calculated
From Concentration Gradient
Based on Radioactivity

Remaining in Specimen

D x 1013 D x 1013
cm2 sec Log10 D cm2 sec Log10 D
5.67 -12.2 - -
13.1 -11. 8%3 - -
9.75 -12.011 9.17 -12.038
.81 -12.318 L.11 -12.386
.07 -12.093 6.27 -12.202
5.17 -12.286 L.16 -12.381
2.9, -12.532 2.82 -12.550
2.78 -12.556 2.51 -12.600
1.62 -12.790 1.65 -12.782
0.253 -13.596 0.256 -13.592
- - 0.253 -13.596
0.253 -13.596 0.316 -13.500
- - 0 328 -13.)4.8,..'.
- - 0.518 -13.286
2.58 -12.588 2.43 -12.61L

fz1



TABLE XXI

Cr DIFFUSIVITIES MEASURED IN INOR-8 LOOP 1249
BASED ON.Cr-51 CONCENTRATION PROFILE

Specimen
P No.

O O~ oW H

Diffusivities Calculated
From Concentration Gradient
Based on Radioactivity
Entering Electrolyte

Diffusivities Calculated
From Concentration Gradient
Based on Radioactivity

Remaining in Specimen

D x 1013 D g 1013

(cm2 sec) Logjp D (cm /sec) Logyp D
6‘59 -12.181 6.13 -120 212
9.54 -12.020 8.87 -12.052
1605 '11.787 16.1 ‘11-79'3
9. 95 -120002 9 olL‘. ‘12 . 039
12.7 -11.896 12.1 -11.917
9.54 -12,021 8.66 -12.063
5.67 -12.246 ;.98 -12.302
.74 -12.32 3.83 -12.416
3.66 -120,4»3 3028 -12.’.{.8%
0.435 -13.362 0.382 -13.41
0.571 -13.244) 0.511 -13.292
1.4 -13.842 1.32 -13.879
1.54 -12.812 1.40 -12,85),
2.29 -12.640 2.02 -12.694
547 -12,262 5.22 -12.282
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