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1                                      ABSTRACT

Evidence is presented that the hot-zone attack of nickel-base
alloys in contact with fused fluorides occurs by a grain-boundary
diffusion process„  Predictions based on the grain-boundary dif-
fusion model are shown to compare favorably with existing data.
Certain anomalies are pointed out with rdgard to the corrosion of
Inconel by Fuel No. 30 and tests which would lead to a better under-

standing of fused-salt corrosion are outlined.
-
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REFLECTIONS ON THE HOT-ZONE ATTACK OF INCONEL BY FUSED FLUORIDE

J. L. Scott

Scott and Pradosl have recently shown that the distribution of attack in

a fused-fluoride system under a temperature· gradient is a function of the rela-

tive rates of the hot- and cold-zone mass-transfer processes.  Thus, even in
]Ethose cases where   the mass ,transfer is cold-zone controlled,    i.e.,   Fuel  No.   30

]E]E
in Inconel it is of importance to understand the mechanism and rate of the

hot-zone process.  In systems where the deposition of chromium occurs in the

cold zone the hot-zone process is believed to be the rate-controlling step and

is of obvious importance.  This report gives evidence that the hot-zone attack

occurs by a grain-boundary diffusion mechanism.  Certain anomalies in existing

understan  the mass transfer 'process in fused fluorides is given.
data are described and a discussion of the future research needed to better

Qualitatively, the mechanism of hot-zone attack of Inconel by fused fluorides
is well understood.  Manly et al2 have shown that attack occurs by the prefer-,

ential removal of chromium from the surface of the Inconel by the reaction:

2 UF4 + Cr - CrF2 + 2 UFJ                           (1)

The removal of chromium from the interface establishes a concentration gradient

and chromium diffuses toward the interface by a vacancy mechanism«  Since the

rate of diffusion of nickel away from the interface is not as high as the rate

of chromium diffusion toward the interface, an excess of vacancies develops in

the matrix.  When the lattice becomes supersaturated with respect to vacancies,

the vacancies precipitate to form voids.  This mechanism accounts for the

observations that (a) voids are observed, (b) the metal adjacent to the inter-

face becomes ferromagnetic, indicating the depletion of chromium, (c) chemical

analyses show that chromium depletion occurs, and (d) tests have indicated that

the voids are not interconnected.  This type of diffusion, when observed by

   50 NaF-46 ZrF4-4 UF4 in mol per cent

-         ]OE 17 Cr-5 Fe-bal Ni in weight per cent
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previous investigators in other systems,3,4 has been interpreted on the basis

of volume diffusion, but the theory does not preclude preferential diffusion

at the grain boundaries.

Evidence for Grain Boundary Diffusion

Specimens which have been examined metallographically show that void formation

has occurred preferentially at the grain boundaries.  One can observe this effect

in Fig. 1 which shows a sample of.Inconel exposed to Fuel No. 30 for 1000 hr at

9000C „     Note   that the -total depth of attack under these conditions is about  nine
mils.

The depth of attack which is computed on the basis of a volume diffusion

mechanism is much less than the observed attack. For volume diffusion out of a

semi-infinite medium, the concentration is about 99% of its original value when

the  depth,  d, is equal to 2  /FE.   D  is the diffusion coefficient and  t  is  the

time.  Values for D for volume diffusion are obtained by extrapolation of data

from higher temperatures:.*where the volume diffusion mechanism is known to pre-
dominate . Values  for  21/5E for Inconel, which  have been computed  from  the  data

5
of Gruzin and Fedorov,  are shown in Table I.  Note that the computed depth of

attack at 900'C is much less than'that.observed for Inconel and Fuel No. 30. The

TABLE I                           '

DEPTH OF VOLUME DIFFUSION IN INCONEL

'         2

TOC t-hr D-EL d-mils
sec
-11

1000 1000 1.1 x 10 4.9
-12

900 1000 106 x 10 1.9

800 1000 1.5 x 10 0.6-13

-14
700 1000, 0.9 x 10 Ool

difference, though marked, is in a conservative direction because the depth for

one per cent depletion of chromium could be expected to be several mils greater

than the nine-mils depth to which voids are observed.  Additional proof is the

fact  that with impurities   in  the   salt  or  when  Fuel  No.   107-  'is  held in contact

with Inconel for 1000 hr at 9000C, a depth of voids greater than 35 mils is

]d

11.2 NaF-45.3 LiF-41.0 KF-2.5 UF4 mol per cent



-4-

0
W-/-
0
Z

\\. f.    ..   .1   ..1 f ./.                            .  . -0* . . 1.0 - -
I - ./   .006

.007

.   <    .008

....=:3--.1.«r..:.:r#Rb. ··..:  ...   ...  ..i        ··  .9,#.  I ··     ,/        .oio
-  .-    .,  1   . .. .

-  ·,," ,    ,4,·'.  ',"·     •   '·  ,      ·  :   .'  .2!.L
4  .012

0    '"-        4-     :  4   :' J           '                     "»       '       ,      LL;     J      I                       , "      8          'A·I                ·'       -,913

\

./ :- ... 1·.,,,..·. 6» 1 ...:.·   ; ... ..: •....:...1 - .f- .'ir
Ir>-
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sometimes observed.  Since d varies with the square root of D, the D value would

have to be in error by more than 100-fold·to account for this depth of attack.

Such an error is well beyond experimental uncertainty,  Thus, it is evident that

the removal of chromium occurs by a grain-boundary diffusion process.

Quantitative Interpretation Based on Grain-Boundary Diffusion

It is possible to make quantitative predictions on the interrelations between

the concentration driving force, the time, and the depth of attack assuming a
6

grain-boundary diffusion mechanism.  Fisher  derived the following equation for

grain-boundary diffusion for a system in which the grain boundary is perpendicular

to the liquid-solid interface:

x/2(D  t)1/2
C  -C 9

Cl  -c    =    exp  -  (4DQ   /*t)1/4  7/( 6 DB)1/2-   1  - (4/4)1/2 exp  (.Z2)dZ  ]      (2)
i     f

0

In the above expression

C = solute concentration at point (x,y)

x = distance from grain boundary

y = distance from liquid-solid interface

Ci = initial concentration of solute

Cf = final or equilibrium concentration of solute

D  =
lattice diffusion coefficient

t = time

6 = grain boundary width

DB = grain boundary diffusion coefficient

The second term in equation (20, i.e.,

x/2(D  t)1/2
1 - (4/*)1/2 exp   (-Z2)dZ

0
..

is the well-known solution for volume diffusion in a semi-infinite medium. This

term has a value of one at the grain boundary (x = o).  Since the voids observed

in Inconel occur at the grain boundaries, this term has the value, one, when the

depth of void formation is being considered.  Thus the term, y, corresponds to

the depth of voids, d.
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Equation (2) may be used to relate the depth of attack with time under a

given set of temperature and concentration conditions.  According to equation

(2):

y = ktl
/4

(3)

A plot of log y versus log t should give a straight line with slope 1/4.  Data

for the depth of voids in the Inconel-Fuel No. 30 system at 9250C as a function

of time are shown in Fig. 2.  The line connecting these points were purposely

drawn with a slope of 1/4.  If the attack process occurred by a volume diffusion

mechanism, the slope of the line in Fig. 2 should be 1/2.  The data cannot be

made fit this type of curve.  It is interesting that the correlation given by

equation (3) agrees with the observed corrosion data at very short, as well as

very long times, so that one does not have to assume a two-stage corrosion process

to explain the observed data.

In view of the fact that the CrF2 content in the fused fluoride increases

markedly at the beginning of the corrosion tests, the above correlation is sur-

prising at first.  Further study of equation.(2) shows that the depth of attack

varies with the logarithm of Ci - Cf.  Thus mpderate:l.c,hanges.,in:,Clfillue.sto. atdhift
in reaction (1) would be expected to have a small effect on d.  In those cases

where large changes in d are observed, i.e., with high impurity contents in Fuel

No. 30 or when Fuel 107 is used, large changes in Cf would be expected.  Such

changes would be reflected in the solute content of loops run under different

conditions so that careful sampling of loops during runs would be expected to

yield valuable information which would explain the differences in depth of hot-

zone attack under different conditions.  To date a good method of sampling

loops has not been devised.

The above analysis does not depend on the idea that the rate of mass trans-

fer is controlled by the hot-zone process.  Since the mass transfer occurs by a

series of steps, the CrF2 content of the salt adjusts itself so that the sum of

the rates of the hot-zone processes is equal to the sum of the rates of the cold-

cone processes.  At steady state, any one of the steps maybe used to describe

the process and the investigator generally picks that step which is most easily

described for study.
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\
The Amount of Mass Transfer

Since the total mass obsorbed by the cold zone equals the total mass removed

from the hot zone, the amount of mass transfer may be described by the hot-zone

process alone.  For combined volume and grain-boundary diffusion processes, the

total amount of material, A, which has diffused out of the latter per unit area

is

A 2-                                                                   (4)     (Ci - Cf ) ' 5;-t-  l1 + 4L  • exp r-(415 /'rt)1/>/(6Db)1/fl 

In equation (4), L is the length of grain-boundary intersections with the dif-

fusion interface and the other factors are as previously defined.  Except for

very fine-grained material the exponential factor probably can be neglected so

that A would be expected to vary approximately with the square root of time if

the change in Cf with time were not too great.  At each point in the loop the

temperature would be different, making  D Q   and the equilibrium Cf different,  so
that A would vary with the position in the loop but A for each point would still

vary approximately with the square root of time.  Thus the total amount of ma-

terial leaving the hot zone At would be:

2    r--"   

At ='jF,'1/t  (Ci - Cf) 1/Dl  d S                           (5)
Hot zone surface

where S is the surface area of the interface.  Except for t very close to zero

the integral in equation (5) would be expected to be approximately constant for

the non-steady-state case as well as steady-state for systems where Cf does not

approach C.i'

In view of the above discussion it is interesting to plot the increase of

chromium in Fuel No. 30 as a function of time.  Such a plot is shown in Fig. 3•

The line through the points was computed assuming that the analysis was correct

for the 1000 hr sample, and that the slope of the curve is 0.5.  The fact that

the data do not fit the curve too well except for three points may be due to

1) the method of sampling the loop, 2) the change of Cf with time at every point

in the loop, 3) errors in chemical analysis, or 4) ·the attainment of steady

state in the loop„
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This last supposition appears to be refuted by equilibrium data on the

Fuel 30-Inconel system.  Steady state could not be achieved until the CrF2

content of the salt exceeded the value required for equilibrium in the coldest

point   in   the   loop.,'

Since the horizontal line at 1320 ppm CrF2 is the value which would be

expected to be in equilibrium with the 7000C cold zone according to Grimes, 7

these data indicate that the loop has not reached equilibrium and that solution

is occurring at every point in the loop,  However, in view of the inaccuracies

of the chemical analyses for UF4 and UF3' which also govern the CrF2 content,

this correlation must be considered as highly questionable and is presented

only for the sake of discussion.

If the steady-state CrF2 content in the fused fluorides was not reached in

the Fuel No. 30-Inconel tests whose data were used to plot Figs. 2 and 3, two

conclusions could be made.  One is that attack would occur at every point in

the loop, although the depth of attack would vary with the temperature.  Figure 4

shows the temperature and attack profiles in one of the Inconel-Fuel No. 30 loops.

It is interesting that attack is observed at every point in the loop.  Unfortu-

n4tely this observation does not prove conclusively that the steady state had

not been attained, for the voids in the cold zone may also be explained to be

due to ihe rapid attack which occurs in the early stages of the test before the

steady-state composition is achieved.

The second conclusion that could be reached is that the mass transfer is

hot-zone controlled.  This could not be the case since it is difficult to explain

why high-impurity levels would increase the depth of attack.  It is also impos-

sible to explain the differences in the behavior of the loop when Fuel No. 107

is used instead of Fuel No. 30.  It can be concluded that there is contradictory

evidence regarding fused-salt corrosion and that careful studies should be made

resolve the anomalies.

On other point about equation (4) is in order.  It has been suggested that

values of the diffusion coefficient in Inconel be obtained by following the amount

of CrF2 built up in a salt bath in contact with the sample.  Since most of the

material is supplied by volume diffusion and only a small fraction of the chromium

is supplied by grain=boundary diffusion, the value of D so obtained cannot be

used to compute the depth of attack, and extrapolations to other temperatures

will be of questionable value.  An understanding of the hot-zone process can only
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come from very careful metallographic studies of the corroded Inconel together

with careful chemical analysis of the chromium as a function of the depth of

attack.  However, chemical studies will be of the utmost importance in establishing

the relationship between the CrF2 content of the salt and the Cr concentration at

the surface of the Inconel.

Relationhhip Between Temperature and the Depth of Attack
It ia very.difficult to predict the effect of temperature on the depth of

void formation on the basis of equation (2). The quantities Cf, Df , and DB
are known to be functions of temperature and it is possible that 6 is also a

function of temperature. In addition, no values  of  D   or  6- are available,     As

a matter of fact, the relationship between depth of attack and temperature would   I

have to be determined experimentally in order to get DB and 6.

There is an alternate method of predicting the effect of temperature on the
8

depth of attack.  Upthegrove and Sinnott  have measured the depth of grain=boundary

self-diffusion of nickel as.a function of temperature and time.  If it is assumed

that the effect of temperature on the rate of grain-boundary diffusion in Inconel

is the same as its effect on pure nickel, then the data of Upthegrove and Sinnott

may be used to predict the depth of attack in Inconel.

Some assumptions must be used in relating the data of Upthegrove and Sinnott

to the Inconel-Fuel   No. 30 system. Upth'egrove and Sinnott made measurements   on

bicrystals of varying relative orientations and found that the maximum depth of

grain-boundary diffusion varied with the difference in orientations.  The depth

of attack was found to be greater, the greater the disregistry of the two grains.

Since in a polycrystalline aggregate all relative orientations would be expected

to be more closely related to the bicrystals with the highest degree of dis-

registry.

Figure 5 shows the maximum depth of grain-boundary diffusion observed by

Upthegrove and Sinnott for a misfit angle of thirty-one degrees as a function

of time at a series of temperatures.  Since one would expect the depth of dif-

fusion at any given time to increase with increasing temperature, it is quite

surprising that all of the data fit the same curve.  This would indicate that

the depth of grain-boundary diffusion is practically independent of temperature,

although the amount-of material which had diffused would be expected to vary

-        markedly.  In terms of fused salt corrosion these data would indicate that. the

maximum depth at which voids are observed would be expected to be only slightly
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-         dependent on the temperature, although the total volume of voids would be

expected to increase markedly as the temperature increases.  This does not

mean that the total number of voids will increase with increasing tempera-

ture, since at the higher temperatures certain voids grow at the expense of

others to reduce the surface free energy.  The total void volume is equal to

the total number of voids times the average void volume.  At the higher tempera-

tures this latter quantity would be expected to be higher and might be suf-

ficiently high to reduce the total number of voids while exhibiting an increased

void volume.

In general the conclusion that the depth of grain boundary attack should

be relatively independent of the temperature is refuted by the experimental
2

observations.  Manly et al  showed that in a given loop the depth of voids

varied·approximately linearly with the wall temperature.  Thermal convection

and pump loops of Inconel containing modified Fuel 30 (one mole per.cent UF4)

at a maximum temperature of 7320C have shown about one mil attack in tests

exceeding a year in duration.  Although this fuel was not tested at higher

temperatures, barren ZrF4-NaF salts showed about 5 mils attack in thermal

convection loops operated for 1000 hr.  Modified Fuel 30 would be expected

to show a slightly. greater depth of attack under such conditions, perhaps

7 mils.

One other point should be made about the results of Upthegrove and Sinnott.

The slope of the curve, log depth of attack versus log time, is 0.432.  Since

equation (2) would predict the slope to be 0.25, the results are not in good

agreement with Fisher's predictions and the solution for the grain-boundary dif-

fusion problem given by Fisher is open to question. , Obviously, more work is

needed on grain-boundary diffusion of both an experimental and a theoretical

nature.

Factors Affecting the Degree of .Void Formation

Much work has been done on the mechanism of the formation of voids in alpha
10

brass due to the unequal rates of diffusion of zinc and copper. Balluffi and

Resnick and Seigle3 have shown that a vacancy concentration of 100 to 1000 times

the normal thermal equilibrium concentration would be required for the homogeneous

nucleation of voids at a reasonable rate and that experimental observations pre-

clude such excess vacancy concentrations.  Thus it is clear that the process of

void  formation* must occur by heterogeneous nucleation, i.,e., nuclei are already
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present on which vacancies condensa. These nuclei could be certain dislocation

configurations, already existing voids produced during solidification of working,
gas pockets, or inclusions in the metal.  Resnick and Seigle3 showed that the

number of voids increased markedly as the ZnO content increased in diffusion

samples and that brass which has been freed of void nucleation catalyst by a

high degree of purification exhibited a considerably reduced tendency for grain
11

boundary cracking during creep and an increased stress-rupture life.  Hopkin

showed that the presence of antimony increases the number of voids observed in

the diffusion process.

The above observations indicate that the number of voids observed in Inconel

exposed to Fuel 30 is probably a function of the chemical and mechanical history

of the material.  Thus variations in the depth and distribution of voids would

be expected from test to test run under supposedly identical conditions.  In

fact, it is surprising that the agreement from test to test is as good as it is.

It is likely that with the proper control of the melting practice and working

operations the number of voids in Inconel could be reduced.  The reduction or

elimination of voids would increase the stress-rupture life of the tubing, but

not as much as one would desire, because the major strengthener in Inconel is

the chrome carbides and these are removed by the depletion of chromium with or

without the formation of voids.  In the case of Inor 8 the strength is governed

by the molybdenum content instead of the chromium carbides so that the formation

of voids could be relatively more detrimental.  Under the molten salt reactor

conditions, however, no voids are observed in Inor 8 so that special control

of the melting practice to eliminate voids is not required.

Further Studies Needed

If one considers all of the information which has been obtained on fused

salt corrosion of nickel-base alloys, certain anomalies arise.  In view of the

anomalies it is still uncertain whether a) steady state is reached in times up

to 3000 hr, and b) if it is, whether the mass transfer process is hot zone, or

cold zone controlled.  It is apparent that an experimental program should be

devised which would answer these questions conclusively.  Since the same oxi-

dation-reduction reaction is operative regardless of the composition of the

fused fluorides, namely reaction  1, a thorough understanding   of   any one system

would be equally applicable to others of interest.  Because the data are more

complete for the  el 30-Inconel system, it is suggested that further work be

done on this type system.
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Studies to determine whether steady state is attained and what is the rate

controlling step in the mass transfer process should be of two types 1) pot type

isothermal tests to determine rate constants for mass transport and 2) thermal

convection loops to correlated actual loop performance with the behavior computed

on the basis of isothermal data.  Thermal convection loops are suggested because

'   they are cheaper and easier to operate, and because the flow rate is not an

important factor in the fused salt corrosion process.

One type of apparatus which could be used for the isothermal tests will be

described.  Small samples of Inconel would be placed in isothermal pots of

molybdenum containing Fuel No. 30 with the volume of salt sufficiently high that

there is insufficient Cr in the sample to saturate the salt.  The relationship

of d and t would then be studied and careful analyses of the salt and of the

sample would be made.  Additional tests would be made with Fuel No. 30 containing

various quantities of CrF2 and at other temperatures.  The data would then be

analysed to obtain the relationships between LC, d, t, and T.  Such studies would

answer the question of whether d varies linearly with t, with t , or with some
1/4

other function of t. Similar studies would be made for the case where the CrF2

content exceeds the saturation value.  The pickup of chromium in the samples

would be followed to determine if the process occurs by the same or a different.

mechanism from the hot-zone process.  In these pot type studies it is suggested

-             that the oxidation reduction reaction should be

2  HF  +  Cr   2,2     CrF       +  14                                                                               (6)- 2

instead of reaction (1)9 because the chemical species could   be   much  more   easily

monitored.

In conjunction with the pot type studies carefully controlled thermal

convection loop studies should be carried out.  Again, in these tests the oxi-

dation reduction reaction should be reaction (6).  A method of continually

monitoring the hydrogen pressure would be included as well as a method of taking

samples of the fused salt as a function of time.  In order to eliminate transient

effects attempts should be made to pre-equilibrate the loops.  At the conclusion

of each test the distribution of attack would be determined throughout the loop

and the chromium profile in the solid at various points would be measured.  These
 

results would then be compared to calculations based on the static pot type

tests.
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More work should be done to determine the effects of impurities on the

rate of corrosion of Inconel.  Attempts should be made in isothermal pots to

duplicate the thirty-five mils attack of Inconel in Fuel 107.  It would also

be of interest to carefully examine the solid-state diffusion process which

leads to such a depth of attack.  A better understanding of the hot-zone

corrosion process would give experimental corroboration of the rate control-

ling steps determined by chemical studies on the fused salt.

Finally, much work is needed to understand the effects of fused fluoride

corrosion on Inor 8.  Chemical analyses of successive layers of corroded samples

should be made to determine if the chromium distribution corresponds to that

observed in Inconel.  If discrepancies arise, experiments should be carried out

to determine the effects of molybdenum on the rate of diffusion of chromium in

nickel base alloys.  Mechanical tests should also be run to show if exposure

to fused salts decreases the stress-rupture life of Inor 8 tubing.  Any effects

on mechanical properties would then be correlated with changes in the composition

and microstructure of the best samples.
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