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CORROSION ASSOCIATED WITH FLUORINATION IN THE 
OAK RIDGE NATIONAL LABORATORY FLUORIDE VOLATILITY PROCESS 

A. P. Litman and A. E. Goldman 

SUMMARY 

Thi.s :report evaluates chemical corrosion on reaction vessels and 

equipment used during the fluorination of fused-salt fuels and subsequ~nt 

associated operations in the Oak Ridge National Labora:tory (ORNL) Fluoride 

Volatility Process and is a continuation and expansion of the Metallurgy 

Division assistance to the Chemical Technology Division in this regard. 
: •. .-; ~ ., I 

The fluorination phase consists of converting uranium tetrafluoride to 

volatile uranium hexafluoride by fluorine sparging of molten fluoride salts 

and subsequent decontamination and recovery of the uranium hexafluoride. 

For convenience in reporting, this document i.s divided into six sec­

tions. Sections I and II describe the corrosion behavior of full-size 

fluorination vessels fabricated from L nickel and used during Volatility 

Pilot Plant (VPP) operations. Section III covers corrosion evaluations of 

bench-scale fluorinators made of A nickel, Inconel, and INOR-8, which were 

operated by the Volatility Studies Group, Chemical Development Section A, 

of the Chemical Technology Division. Section IV describes scouting tests 

of many proprietary and nonproprietary materials exposed to the pilot plant 

fluorinator environments and the reactions of the various materials to 

those service conditions. Appendix A shows selected photomicrographs of 

the corrosion specimens described in Section IV. For comparison, rP.sults 

of some of the corrosion tests performed by the Argonne National Laboratory 

on metal coupons i.lnd.e:r. simulated fluorination conditions are reported in 

Sectlon V. Section VI and Appendix B deal with results of examinations of 

supplementary VPP equipment including a radioactive-products .trap, a 

waste-salt line, the absorbers, valves and fittings, the fluorine-disposal 

system, and process-gas lines. 

In this report, corrosive attack is reported as mils per month based 

on mo~ten salt residence time or mils per hour based on fluorine exposur~ 
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time. These rates are included specifically for comparison purposes, are 

. not exact' and should not be extrapolated into longer time periods ·for 

design 1vork or other applications. 

~io fluorinators were used in the VPP to carry out the fluorination 

reactions. These. ves_sels, Mark I and Mark II, were fabricated. into right 

cylinders, approx 4.-l/2 ft in height, from the same heat of L (low carbo~) 
. ' 

nickel. The .first vessel .contained equimolar NaF-ZrF4 or NaF-ZrF
4 

-UF
4 

(4~48-4 mol<7 %) for approx 1250 h~ at 60~725°C. Over a period of 61 hr, 

57 500 standard liters of F
2 

were sparged into the salts. This constituted 

a F
2
:u mole ratio of 3:l·beyond theo_::retical requirements .. The Mark II 

fluorinator contained fluoride· salts of approximately the same compositions· 

plus small additions of PuF
4 

during three runs. The salts ·were kept-molten 

•at 54~730°C for approx 1950 hr and about 60 500 st_andard liters of F were 
2 

sparged. into the Mark II melts in 92 hr. 

Both fluorinators sustained large corrosion losses consisting of exten-
I / 

si ve \iall thinning, severe interior intergranular attack, and a moderate .-. 
exterior oxidation attatk. Maximum deterioration on the Mark I vessel oc­

curred in the middle vapor region ·at a calculated rate of 1.2 mils/hr, based 

_6n fluorine sparge time, or 46 mils/month, based on time of exposure to mol­

ten :salt::>~·· The second vessel showed maximum attack "in the salt-containing 

region at similarly calculated rates of 1.1 mils/hr and 60 mils/month. Some 

evidence was found to indicate that t4e -intergranular attack may have resulted 

from sulfur in the systems. Bulk metal losses from the vessel's walls were 
' 

believed to b.e the result' of cyclic losses of NiF
2 

"protective" films. The 

films were .formed -on the interior walls of the fluorinat.ors during concli tioning 

·and fluorination treatments and lost as the result of rupturing, spalling, 

fluxing, washing actions, and/or dissolution in highly corrosive condensates 

formed during operatio:qs. The shift in maximum corrosion attack gem11etry 

in the two fluorinators is believed to have resulted 'from differences in 

operating conditions., The Mark II vessel experienced higher temperatures, 

longer fluorine exposure times, and extended tlranium residence times in its 

salt baths. 
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Specimens removed from the wall of the first fluorinator showed a 

variation in average ASTM grain-size number of 5-6 to > 1, the largest grains 

being found in the middle vapor region. The second vessel had a more uniform 

grain-size pattern, average ASTM grain-size numbers varying from 3-5 to 2-4. 

The variations in grain sizes are believed to have resulted from v~riable 

heating rates during initia~ usage. Low rates permit more complete internal 

stress recovery prior to the start of recrystallization which results in 

fewer nucleation sites and therefore larger grains during recrystallization. 

Metallographic examinations did not provide evidence oi' a causal relationship 

between grain size and fluorinator wall corrosion. 

·.: .. · . "'Examinations of bench-scale reactors, where simulated fluorination 

environments were provided to study process variables and corrosion, showed 

that A nickel had the highest degree of corrosion resistance as a fluorinator 

material of construction when compared with Inconel and INOR-8. Intergranular 

penetration and subsequent sloughing of whole grains seemed to be the pre­

dominant mode of corrosive attack on the Inconel vessel. At the higher test 

temperatures, 600°C, INOR-8 miniature fluorinators showed large bulk metal 

losses plus selective losses of chromium, molybdenum, and iron from the exposed 

alloy surfaces. Evidence of a marked reduction in attack on nickel and INOR-8 

was found during lower .temperature studies at 450-525°C. These lower ternpera­

ture operations were made possible by adding lithium fluoride to the sodium 

fluoride-zirconium tetrafluoride salt mixtures. 

Scouting corrosion tests were performed ~n the VPP's fluorinators using 

·rod, sheet, or wire specimens of commercial and developmental alloys. ~1ese 

tests were subjected to serious limitations due to the lack of' control over 

operating conditions and thus considerable variation in the corrosion of L 

nickel control specimens resulted. Those nickel-rich alloys containing iron 

and cobalt showed some superiority in corrosion resistance when comp~red·with 
. ' 

L nickel specimens. This was probably because of the low volatility of iron 

and cobalt fluorides. ~ickel-rich alloys containing molybdenum additions 

showed variable behavior in the fluorination environment. Some oi' the data 

suggested improved resistance over L nickel while other tests showed the reverse. 
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Since both of the k~own molybdenum fluorides that co~ld be formed during 

fluorination have very high volatility, one would not expec:,t improved resistance 

from molybdenum addi.tions. The experiments emphasize that the present method 

of selection of test materials based on the low volatility of metal fluorides 

that may form during fluorination continues to have merit. Additional ex­

perimental nickel-base alloy corrosion specimens, containing magnesium, alumi­

num, iron, cobalt, or. manganese, have been fabricated and will be used in 

future scre~ning tests in a subseqvent pilot plant fluorinator. 

A revi~w of one fluo:i:'ination test series conducted by the Argonne 

National Laboratory gave general agreement with ORNL scouting corrosion test 

· ··specime:trre·sults, ·although :comparisons ,were :hampered by different test con­

ditions~ The Argonne National Laboratory has suggested ~hat the corrosion 

, problem be attacked by further studies on the use of cold wall vessels, spray 

towers, or low-melting salts for volatility processes.· 

Visual and metallographic examinations plus ultrasonic measurements :of 

other VPP vessels and equipmenu fabricated generally from·Monel or Inconel 

showed a wide variation in.resistance to those various local service condi­

tions. The studies suggest that Inconel can.continue.to be used as a material 

of constrtic.tion· for some components. but frequent inspections ·are indicated. 

Monel appears general·ly satisfactory··for the appli~ations .to. date. 

From a corrosion standpoint, the fluorination vessel in the VPP continues 

to. be the most vulnerable to attack due to the nature of the contained en­

vironment and the high temperature necessary for fluorination. The continued 

use of L'nickel for the fluorination vessel does not appear prohibitive for 

.. batch operations only due to the ___ present high value of the pilot plant's. 

product. At present, the only guarantee for improved service -life for nickel 

fluorinators seems to be utilization of the lowest prac~ical temperature. 

Although not conclusively proven for the fluorination vessels, reduction of 

sulfur contamination and the_ ensuri~g of a uniform, small-grain si~e in.the 

vessels 'may improve vessel performance. For long-time fluorinator integrity, 

selection or development of a new material of constru~tion, the ~se of_salts 

with lower melting points, or th~ use of a cold wall vessel seems necessary. 

.. _. . 

. .. 
;_{0 
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The evaluation of· process ·corrosion that occurred during the develop­

ment studies of hydrogen fluoride dissolution of uranium-bearing fuel"elements, 

the head-end cycle of the volatility process, will be covered in a separate 

report. l 

I. Mark I Volatility Pilot Plant L Nickel Fluorinator 

A. Material Selection and Fabrication 

The selection of material for the first pilot plant fluoriuator w·&s 

made by members of the Chemical Technology Division after a study of the avail­

able~corrosion literature and the ASME Boiler and Pressure Vessel Code.
2

' 3' 4 

Nickel seemed to be the most likely candidate material of construction,. although 

at 600-700°C, the anticipated operating temperature range of the fluorinator, 

Myers and DeLong reported penetration ra~es of fluorine on nickel of 1~34 

m~ls/month. The ASME Code allowable design stress data above approx 3l5°C 

were not available for commercial purity A nickel (0.05-0.15 wt% C). This 

was because of the known effects of embrittlement through intercrystalline J 

precipitation of graphite in nickel containing carbon after long-time exposure 

to high t.emperatures. 5 However, satisfactory design data were available for 

low-carbon L nickel at approx 650°C,so this material was selected for the 

first pilot plant fluor.i.nator. 

The Mark I fluorinator was fabricated at ORNL from L nickel using a 

heat with the vendor's analysis of 99.36% Ni-0.02% G--0.23% Fe-0.06% CU:-0.26% Mn-

0.04% Si-0.005% S. Annealed plate stock of l/4-in. thickness was rolled into 

·1A: E. Goldman and A. P. Litman,. Corrosion Associated with Hydrogen Fluoride 
Dissolution in the Fluoride Volatility Process, ORNL-2833 (to be published). 

2 W. R. Myers and W. B. DeLong, "Fluorine Corrosion," Chern. Engr. Prog. 
(May, 1948). 

3"Engineering Properties of Nickel," Tech. Bull. T-15, The International 
NickP.l r.nmpany, Inc., New York, Revised, p. 21, July, 1949. 

4 . 
Rules for Construction of Unfired Pressure Vessels, ASME Boiler and 

1 
Pressure Vessel Code, Section VIII, Am. Soc. Mech. Eng., 1956 Edition. 

c 
Jw. A. Mudge, "Nickel and Nickel-Copper, Nickel-Manganese, and Related 

High-Nickel Alloys," The Corrosion Handbook (ed. by H. H. Uhlig), p. 683, 
John Wiley a.nc:l Sons, Inc., New York, 1948. 

-.... ' .. 

·:. L.: 
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a 14-in. -diam cylinder, 5L~ in. in height, for the vessel shell and longi tudi­

nally seam welded using an inert-gas metal-arc (nonconsumable) process. The 

filler material used was INC0-61 welding wire an~ ORNL Reactor Material 

t RMWS 5 d th b . f th . . . d 6 A Specifica ion - was use as e asls o e JOlnlng proce ure. 

nominal 3/8-in. -thick _L nickel flanged and dished head was welded to the shell 

to form the bottom of .the vessel (Fig. l). 

B. Operational History 

The Mark I fluorinator was·used by the Unit Operations Section of 

the Chemical Technology Division during preliminary fluorination equipment 

studies for a period of about three months. During that time, no fluorine or 

uranium-containing molten salts were in contact with the ~essel. Table I 

cites the process conditions in detail for those studies and for the more 

... '· extensive "M" equipment shakedown arid "C" process demonstration runs performed 

later in the VPP. 

Figure 2 shows the·position of the Mark I fluorinator during the VPP 

runs while Fig. 3 showp the interior piping, gas dispersion assembly, and the 

placement of ~n earl1 group of corrosion test specimens~ The lower half of· 

: the fluorinatiop vessel was surrounded by a vertical tube-tjpe electric-

.. resistance furn~ce of 30-kw rating to provide the necessary heat (600-725°C) 

for operations. During the pilot plant runs, rod-type electric resistance 

heating elements with a total rating of 9 kw were installed on the. upper ex­

terior walls of the fluorinator. 

Prior to exposing the fluorinator to elemental fluorine during actual 

fluorination of the .fuse·d salts, ~ "conditioning" cycle· was performed wherein 

fluorine was introduced into the vessel which was heated to 20-l50°C to 

induce the formation of NiF· "protective" films. Fluorine used in the VPP 
2 

was obtained in steel .tank trailers from the Oak Ridge Gaseous Diffusion 

Plant (ORGDP) fluorine generating. station. A flowing stream sample analyzed 

by ORGDP personnel indi~ated the anaiysis of the fluorine was 95% F2 , < 5% HF, 

R. M. Evans (ed.) Oak Ridge National Laboratory~ Reactor Materials 
Specifications, TID-7017, p~. 117-128 (October 29, 1958). 

• 
•, 
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Table I. Process Conditions for Mark I Volatility Pilot Plant Fluorina . 
(Unit Operations_. Volatility Pilot Plant "M" and "C" Runs) 

Temperature; max 
(De) 

Thermal cycl es 
(room temperature 
to 600-725°C) 

Time o: exposure 
at teoperature 
(salts molten- hr) 

Sal t composition 
(nominal mole %) 

Conditioning 
f l uorine input 
(liters)a 

Operations 
f l uorinebinput 
(liters ) 

UF6 exposure (hr) 

Phase I Phase II 
Unit Operations Runs "M" Runs (l-48) 

600-700 600-725 

rv 20 rv 20 

445 rv go 
' c 

(rv 30 with N sparge ) 
(rv 60 withou~ N

2 
sparge) 

Phase III 
"c'· Runs (l-15) 

600-725 

10 

715 

NaF-ZrF4 (50--50) NaF-ZrF4 (50--50) 
(d) 

NaF- ZrF4-UF4 
( 42r-42r-4 ) 

None 

None 

None 

35 in 14 hr 

16 775 in 
10 hr 

None 

530 in 0 . 5 hr 

40 830 i n 51 hr 

rv 20 hr 

Total 

600-725 

rv 50 

rv 1250 

565 in 14 . 5 hr 

57 500 in 61 hr 
(7- 33 l iters/min) 

rv 20 hr 

aThese operations were done at 20-l 50° C for the purpose of inducing an i nitial "protective " 
fi l m of nickel f l uoride on the walls of the fluorinator . 

b A:..1. average of 3: l mo l e ratio (F2 : U) beyond theoretical re quirements was used in order to 
reduce the final uranium concentration in the salt to a few parts per mi llion . 

c Top flange removed) rv 5 hr . 

dSal ts were used previously in unirradiated loop studies and therefore contained significant 
amounts of corrosion products as shown below. Ref : C. L. Whitmarsh) A Series of Seven Flowsheet 
Studies with Nonradive SaltJ Volatility Pi l ot Plant RunsJ C-9 Through C-15, p . 10, CF-58-5-113 
(May 12, 1958 ). 

Component: O.Of>r.-0. 18 wt % Ni, 0 .06-0 .10 wt % Cr, 0 . 01- 0.02 wt % Fe, 0 . 01-0 . 60 wt % Ti, 
0 , 002- 3 . 4 wt % Si. 
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and l-2% N
2 

and/or o
2

. Prior to use of the fluorine in the VPP, the gas was 

passed through a fixed NaF pellet bed at approximately ambient temperatures . 

Under these conditions, the hydrogen f luoride content in the fluorine \vas 

lowered to approx 20 ppm. (ref 7 ) 

After conditioning, the system was purged with commercial grade 

nitrogen dried to < l ppm H
2

0 . The nitrogen contained approx 100 ppm 02 
which was not removed . The fluorinator was heated to approx 600°C along with 

the salt free ze val ve and salt inlet line. The latter two components were 

heated by autoresistance . Then a batch of f l uoride salt was melted in the 

charge melt tank and drained by gravity f low into the f l uorinator . 

Fluorine was bubbled through the molten salt to convert any UF4 in 

the salt to volatile UF
6

. During fluorination, the vessel operated with 

approx 25% of its volume filled with about 50 liters of fused salts . The re­

maining 75% of the vol ume contained variable quantities of fluorine, uranium 

hexafluoride, nitrogen, and various metal f luorides of high or intermediate 

volatility. During the process demonstration "C" runs, an average mole ratio 

of 3: 1 (F
2

:u) beyond theoretical requirements was used in order to reduce the 

final uranium concentration in the sal t to a few parts per mill ion . 

While the vesse l wall in the salt- containing region of the f l uorina­

tion vessel reached temperatures of 600-725°C, the upper vapor region remained 

at lower temperatures. 'l'he maximum temperature recorded on a thermocouple 

attached to the exterior wall of the fluorinator 12 in. down from the s l ip- on 

flange was 500°C . The average temperature in this same region was about 400°C . 

After completion of fluorination, the waste salt left in the fluori ­

nator was pressure transferred through a freeze val ve into a waste container; 

and the gas from the fluorinator was passed through an Inconel trap, containing 

either nickel mesh or NaF pellets, which was maintained at approx 400°C . Prior 

to Run C- 9, the trap contained nickel mesh for the purpose of collecting ZrF4, 

"snow," and thereafter the unit contained NaF pellets to trap entrained salt, 

chromium, and zirconium fluorides. During and after Run C-9, the trap was 

termed a "CRP" or complexible radioactive products trap • 

7F. W. Mi l es and W. H. Carr, Engineering Evaluation of Volatility Pilot 
PlarrL Equl_pmeuL, CF-G0-7-G5, Section 1), p. 22u . 
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Downstream f r om the Snow- CRP trap , the product strea m was dive rted 

through absorbers conta ining NaF a t 65-l 50°C t o absorb the UF
6

. The un­

absorbed ga s , mostl y fluorine , was routed through a chemical trap (a NaF bed 

at ambient temperature ) to retain any residual UF
6 

and subsequentl y through 

a KOH gas disposa l unit to neutral ize the f l uorine before be i ng exhaus t ed t o 

the atmosphere . The product, UF
6

, was desorbed from the absorbe r bed by 

heating it to approx 400°C in a f l uorine atmosphere and then passed through 

two col d traps maintained at - 40°C and - 55°C where the UF
6 

condensed . The 

col d traps were isolated from the rest of the f l uorination system and heated 

to approx 80°C to liquate the UF
6 

which drained into a heated product cyl inder . 

C. Reaction to Environment 

Ul trasonic- thickness measurements of the f l uori nat.or wP.rP. mAde with 

an "Audigage, " an u l trasonic- thickness measurement device, after the Unit 

Operation ' s pre l iminary f l uorination equipment studies . No detectab l e me t a l 

l osses coul d be found in either the shell of the vessel or in the bottom head; 

this could be expected because no fluorine, uranium- bearing sal ts, or UF
6 

was 

present during the short period of operation at e l evated temperature and what­

ever attack occurred was so s l ight as to be undetected by the measuring 

equipment . 

l. Chemistry 

During VPP Run C- 6, a study ~~s made of the interior deposits 

which formed on the wall of the f l uorinator . Figure 4 shows the location and 

subsequent chemical anal yses of these deposits . These data indicate a tendency 

for chromium, presumably from impure feed sal ts , and uranium to collect i n the 

middle vapor region of the vessel. The val ues shown for nicke l indicate that 

extensive corrosive attack had occurred in the system during operations . 

After compl etion of the "M" and "C" runs described in Tab l e I , 

the Mark I f l uorinator was turned over to Metallurgy for corros i on eva l uation . 

Figure 5 shows the interior of t he f l uorinator after retirement . Most of the 

interior walls of the vesse l be l ow the molten sal t l eve l s were free of su rfa ce 
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ANALYSES OF DEPOSITS FROM VPP MARK-I FLUORINATOR AFTER RUN C-6 

Sample Location Region Description 
Component {wt %)(1) 

u No Zr Ni Cr F 

Underside of lnconel Top ,-apor Pale blue-green 2.45 1.59 49.7 1.6 0.98 40.4 
top flange scale 

Interior wall-7 in. Uppe- vapor Bright blue- 2.00 1.28 27.8 15. 1 1.23 33.0 
below slip-on green scale 
flange 

Interior wall-'!110 in. Upper vapor Dirty yellow- 8.19 3.3 14.4 34.2 3.65 37.5 
below slip-on green scale 
flange 

Interior waii- 1"J 8 irn. Midd e vapor Bright yellow- 1.66 3.66 7.2 48.2 0.75 38.0 
below slip-on green scale 
flange 

Interior wall- 2~26 in. Lower vapor Dirty yellow- 2.30 3.36 10.2 43.3 0.51 38.3 
below slip-on brown scale 
flange 

Underside of dif- Vapor-salt Yellow-green 0.15 3.50 23.2 45.0 0.87 41.0 
fuser cone interface scale 

Outside of draft Salt Pale yellow- 0.26 3.50 33.3 16.3 0.08 40.5 
tube green de-

posit 

(l)ORNL Analyses. 

Fig. 4. Analyses of Deposits from Mark I VPP Fluorinator After.Run C-6. 

I-' 
w 



Fig. 5. Inter:'..or of the Mark I Volatility Pilot P:..ant Fl.:.orinator After Run C-15. 
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deposits but the regions above the interfaces were covered with heavy scale 

and corrosion products. A solid ring of material, about 1 in. in cross sec­

tion, was present,on the interior of the vessel· wall at about the same 

elevation as the exterior furnace seal. This was a few inches above the 

average elevation of the vapor-salt interfaces. Samples of some of these 

interior deposits were submitted for chemical analyses and identification by 

x-ray diffraction. The results are shown in To.ble II. 

Table II. The oak Ridge National Laboratory Analyses of' Scale from the 
Volatility Pilot Plo..nt Mark I Fluorinator after Run C-15a. 

Component, wt % 
Origin of' Sample u Na Ni Cr Zr F 

Underside of Inconel 1.95 0.78 45.54 0.79 0.72 39.60 
slip-on flange 

From A Nickel F2 0.98 5.10 33.76 0.09 0.64 41.15 
· inlet tube, 

approx 21 in. below 
.slip-:-on flange 

From A Nicl:el F2 0.13 6.64 
inlet tube, 
at vapor-salt interface 

8.36 0.02 1.18 43.30 

Approx Composition 
Indicated by X-ray 

Diffraction rntensities 

90ujo NiF2 
lOujo NaF·NiF

2
·2ZrF4 

60ujo NiF2 
JO% NaF·NiF2 ·2ZrF4 
lOujo ~2 ·2NaF·ZrF4 

aC. L. Whitmarsh, A Series of Seven Flowsheet Studies with Nonradive Salt, 
Volatility Pilot Plant Runs., C-9 Through C-15 .• p.l:4_, CF-58-5-113 (May 12_, 1958). 

Most of the salt deposits were removed by washing the interior 

of the vessel with a mixture of 0.7 ~ H2o2, 1.8 ~ KOH, and 0.4 ~ Na2c4H4o
6 

at 

room temperature, aided by hand chipping. After cleaning, another visual 

inspection was made and the results are given as follows: 



Region 

Vapor 

Vapor-salt 
interface 

Salt 
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Results 

Smooth, etched appearance near the top of the vessel with iso­
lated, shallow pits. A yellow-to-green deposit encircled the 
vessel from a point approx 10 in. down to a point approx 20 in. 
from the top. Several- small.areas of flaking and scaling were 
noted at· approx 16 in. from the.top in the deposit zone. ·The 
area from 20· in. down to approx 24 in. from the top had a bluish 
cast and was ·rougher in texture than the top se'ction. 

Smooth metallic appearance with distinct indentations encircling 
the vessel at several levels. 

Smooth metallic appearance. Flange-to-vessel weld not noticeably 
corroded. 

In the middle vapor region, a tightly adherent, yellow-to-green deposit re­

mained on the wall of the fluorinator. ~amples of this deposit, surf~ce, and 

subsurface millings, were·removed.and submitted for chemical analyses. Figure 6 

details the results which indicate that chromium which had previously been 

fourid to col·lect in the upper vapor ·region of the fluorinator had penetrated 

. into the vessel wall to some depth greater than 10 mils. Thi_s chromium con­

eentration gradient was found both in thE; upper and middle vapor region's al­

though higher concentrations were fou:qd in the former region. No excessive 

quanti ties of sulfur over that prese'nt in· the base material were found. 

2. Dimensional Analysis 

Micrometer measurements were taken in the.three major regions of 

~he fluorinator in all. quadrants ~nd show the greatest wall-thickness losses 

to be concentrated in the vapor region of the vessel shell. Figure 7 shows 

a schematic drawing of the vessel and denotes the sections that were-removed 

from· the vessel for these mea?urements a~d for metallographic study. The loss 

data are give~ in Table III. A full-length vessel section was removed from 

the northeast-by-east quadra~t and micrometer measurements taken every vertical 

inch to establish a corrosion wall-thickness-loss profile. Figure 8 shows this 

plot and pinpoints the maximum metal loss of 47 mils as approx 12 in. below 

the ~bottom of ·the slip-on flange. 

f&' 
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Fig. 6. Analyses of Scale and Millings F~o~ VPP Mark I Nickel Fluorinator After 
RUn. C-l5 and. Vessel Decontamination. 
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TREPANNED FROM 
VESSEL WALL 

'Fig.·7· Schematic of Mark I VPP,Fluorinator Showing Areas Removed 
for Met~llographic Examination and Micrometer Measurements. 

. . 

~ --

I' 

I .. 

. ...:::--

, . 



- 19 -

Table III. . a Wall-Thlckness Losses on Coupons Removed from the Mark I 
Volatility Pilot Plant L Nicke l Fluorinatorb 

Location 
Elevation Wall- Thickness 

Sample (Inches be low Loss 
Number slip- on f lange ) Qu::tdrant Regluu (mils ) 

N-l 12 North Vapor 38 

E-l 12 East Vapor 29 

S- l 12 South Vapor 33 

W- 1 12 West Vapor 47 

N- 2 35 North Vapor- salt interface 6 

E- 2 35 East Vapor- salt interface 4 

c " 35 South Vapor- salt interface 8 u - .:.. ., 
W- 2 35 West Vapor- salt interface 10 

N- 3 45 North SAlt 10 

E- 3 45 ~ast Salt 8 

S- 3 45 South Salt ll 

W- 3 45 West Salt 15 

a 
By micrometer measurement . 

bo · · 1 r1g1na wall thi ckness ~ 250 mi l s . 
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ETCH: ACETIC- NITRIC -HYDROCHLORIC ACID 
MATERIAL: L NICKEL 

5 10 15 20 25 30 

WALL THICKNESS LOSS (mils) 

"' 

35 40 45 

0 

5 

10 

15 c: 
w 
(.? 
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20 :5 
LL. 
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SLIP-ON FLANGE 
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BOTTOM 

Fig. 8. Corrosion Profile and Typical Microstructures from the Mark I 
VPP Fluorinator. (Profile based on micrometer measurements from northeast 
quadrant full-length shell section.) 
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3. Metallographic Study 

Based on the corrosion wall- thickness- loss profile pl ot, areas 

were selected from the full-length section of the f l uorinator and from previ ­

ously trepanned samples for metallographic study . The location of these 

areas is shown in Fig . 8 . In the as-polished condition, some slight roughening 

of the surfaces of the sampl es was noted . No grain- boundary modifications 

such as is common to intergranular corrosive attack coul d be found . 

After etching with an 0.5% HCl, approx 60% HC2H
3
o2 and approx 40% 

HNO:> mixture, the grain boundaries of the interior surt'ace sampl es appeared 
.) 

darkened below the exposed surfaces to depths varying :t'rom 4 to 25 mi l s . 

Figure 8 illustrates the typical structures found at varying e l evat i ons on 

the interior surfaces of the fluorinator wall . The deepest penetrations were 

found on samples from the middle vapor region of the vessel, the vapor- sal t 

interface, and the sal t r egion of the f l uorinator . 'l'he ext erior su rface sam­

pl es also showed intergro.nul a.r attack varying from 3 to 8 mi l s i n depth . 

Wioely variant grain sizes were found in the metallographic sam-

p.les examined . A summary of these sizes, converted to average ASTM grain- size 

numbers, is shown in Tabl e I V. 

Table IV . Summary of Grain Sizes in Sampl es Removed from the Mar k I 
Volatility Pilot Plant Fluorinatora 

Distance 
down from 

s l ip- on f l ange ASTM 
( in.) Region Grain size number 

l Vapor 5-6 
9 Vapor 2- 3 

12- l /2 Vapor > l 
20 Vapor l 
24 Vapor 2 
29- l /2 Vapor 5 
35 Vapor- sal t interface 5 
43 Sal t 5-6 

aGrain sizes from interior wall and exterior wall sampl es were approxi ­
matel y equal. 
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At a later date, in an attempt to de termine the reasons for the 

variant grain size, diffractometer traces were obtained on selected samples 

removed from the wall of the Mark I fluorinato~. Samples were taken from 

the 1-, 12-l/2-, and 43-in. l evels, respectively, below the bottom of the 

vessel slip-on flange . The maximum amount of residual strain was noted for 

the l-in. sample with little, if any, evidence of recrystalli zation having 

taken p lace during the Mark I operations . A very limited amount of recrystal­

li zation appeared to have occurred in the 12-l/2-in . sample since there seemed 

only slightly less strain present in this sample when compared to the one 

above. The 43- in .- sample traces showed considerably less residual strain 

present than either of the other samples . The indications were that partial, 

if not complete, recrystalli zation had taken p l ace in the lower portion of 

the fluorinator wall. 

Figure 9 shows a section through t he girth weld which was 

located in the salt phase of the f l uorinator . After etching, the specimen 

showed no corrosive attack at l ow magnification . At higher magnification, 

the we l d deposit showed a grain- boundary attack similar to that found in the 

base metal, but to a lesser degree of severity . 

Early work on L nickel corrosion rods placed in the Mark I 

fluorinator indicated sulfur contamination was probably a factor i n thP. r.or­

rosive attack of the vessel. 8 In view of the lack of evidence from chemical 

analyses, other attempts were made to prove the presence of sulf ur at the 

grain boundaries of interior wall specimens from the Mark I fluorinator . 

The use of sul fur print papers did not provide positive evidence 

of the existence of sul fur compounds at the mating surfaces of the grains . 

One sample f r om the middle vapor region of the f l uorinator did present the 

colors described as needed for the identification of nickel sulfide . 

Figure 10 shows the grain- boundary deposit at the 12-in. leve l be low the 

bottom of the slip-on f lange aft er etching with cyanide - persul fate and partial 

repolishing to show t he deposit to its best advantage . However, duplicate 

results could not be obtained with the method. 

81. R. Trotter and E . E. Hoffman, Progress Report on Volatility Pilot 
Plant Corrosion Probl ems to April 21, 1957, ORNL-2495 (September 30, 1958 ). 
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Interior 
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Fig. 9. Macrostructure of Section Through Girth Weld 47 in. Below Top 
Flange of Mark I VPP Fluorinator. Etchant: Acetic, nitric, hydrochloric 
acid. 10 X. 
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Fig. 10. Photomicrograph of Sample from Interior Surface of Mark I VPP 
L Nickel Fluorinator 12 in. Below Slip-on Flange (Vapor Phase) Showing Grain 
Boundary Deposit. Deposit was pale yellow under nonpolarized illumination 
and black under polarized light in accordance 1nth Hall 's method for 
identifying nickel sulfide deposits. Etchant: Potassium cyanide - ammonium 
persulfate, partially repolished. lOOOX. Reference: A. 'M . Hall, "Sulfides 
in Nickel and Nickel Alloys, " Trans. Met. Soc . AIME 152, 283, 1943. 
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Sulfur in almost any chemical form in contact with nickel at 

high temperatures will result in the formation of a low-melting nickel-nickel 

sul~i~e eutectic primarily along grain boundaries, leading to embrittlement 

of the material.9 Consequently, samples of the f~uorination vessel wall were 
··' 

bend tested. The samples did not show brittle behavior. 

Two other techniques were considered as identification methods 

for the grain-boundary deposits described. One was the use of a microchisel, 

presently under development by the Metallography Group of the Metallurgy 

Division, by which some of the grain-boundary deposit could be removed and 

s~bsequently submitted for x-ray diffraction analysis. The very small size 

of the ~rain-boundary deposits prevented the microchisel's usage in this 

situation. The second technique considered was the use of an electron probe 

microanalyzer which could possibly identify a small portion of the deposit by 

x-ray diffraction analysis, in situ. Such an instrument is not yet available 

at ORNL and it was not possible to obtain service time on the few instruments 

currently in operation in this country. Consequently, the nature of the Mark I 

fluorinator grain-boundary deposits was left in doubt. 

4. , Summary of Corrosive Attack 

Table V summarizes the maximum corrosion losses of all types 

f'ollncl in the three major regions of the VPP Mark I fluorinator. The maximum 

attack was calculated to be 46 mils/month based on exposure time to molten 

salts during the VPP "M" runs (1-48) and "C" runs (1-15) or 1.2 mils/hr' based 

on fluo:r:i.n~ sparge time during-fluorination of molten salts. The maximum 

attack occurred in the middle vapor region. 

D. Discussion of Results 

l. Individual Actions of F~6, and Fused Fluorid~ Salts 

Major corrosive agents in contact with the VPP L nickel fluori­

nation vessel, Mark I, were elemental fluorine, uranium hexafluoride, and 

9w. A. Mudge, "Nickel and Nickel-Copper, Nickel-Manganese, and Related 
High-Nickel Alloys," The Corrosion Handbook, (ed. by H. H. Uhlig), p. 679, 
John Wiley and Sons, Inc., New York, 1948. 



Table V.' Summary. of Maximum Corrosive Attack in Each Major Region and Quadrant 
of the Mark I Volc.tility Pilo-t;; Plant L Nickel Fluorinator 

Location 
Elevation 
(inches below 
slip-on 
flange ) Quadr'ant 

12 

12 

12 

12 

35 

35 

35 

35 

North 

East 

south 

West 

North 

East 

South 

West 

North 

East 

South 

West 

Region 

Vapor 

Vapor 

Vapor 

Vapor 

Vapor-salt 
interface 
Vapor-salt 
interface 
Vapor-salt 
interface 
Vapor-salt 
interface 

Salt 

Sq.lt 

Salt 

$alt 

·~micrometer measurement. 

Intergranular 
wTall Penetrati.on 

thickness Interior Exterior 
lossa wall wall 
(~ils) (mils) (mils) 

38 

29 

33 
4T 

6 

4 

8 

10 

10 

8 

11 

15 

24 

20 

23 

21 

18 

17 

23 

17 

25 

21 

25 

22 

3 
4 

3 
5 

7 

6 

5 

8 

3 

4 

4 

5 

binc~udes exterior intergr~nular penetration. 

Total 
Corrosive 
Attack 
(mils) 

65 

53-
59 

73 

31 

27 

36 

35 

38 

33 

40 
42 

Total Rate 
.mils/ 
month 

(Molten 
salt time)c 

41 

33 

37 

46 

20 

17 

23 

22 

24 

21 

25 

26 

cEased on molten salt residence time during vPP "M" (l-48) runs and "C" (l-15) runs. 

~ased ~n fluorine sparge time during fluorination of molten salts. 

Lossesb 

mils/hr 
(F

2
. sparge· 
time)d 

- l.l 

0.9 

1.0 

1.2 

0.5 

0.4 

0.6 

0.6 

0.6 

0.5 
.0.7 

0.7 

1'1) 
0\ 
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molten fluoride salts, generally of·the NaF-ZrF4...;UF
4 

type. The compatibility 

of each of these agents in contact with metals has received increased atten­

tion d.u:r:i ng the past decade, but a composite system has not been studied 

extens:[.vely. 

Fluorine, a most active element, was known to react with virtual­

ly every metal under suitable conditions. Resistance to further attack was 

t d b . fl . . . . l h . h f . t . l 10' ll' 12 felt to be impar e y passl ve uorlc;ie f'l ms w lC orm on rna er1a s. · 

For nickel, the only known binary 

nickelous fluoride, NiF
2

. (ref l3) 

to be about l000°C, well in excess 

compound with fluorine was found to be 

The melting point of NiF2 had been reported 

of the oper.ating temperatures (600-725°C) 
r:: . 14 

of the fluorinator. The vapor pressure of NiF2 , approx l x 10-J mm Hg at 

650°C, appeared sufficiently low so that little volatilization of the protec­

tive film would occur. 15 

Recent experiments at the Argonne National Laboratory had in­

dicated that the relative amounts of fluorine consumed by a nickel vessel and 

the change in rate-law behavior with temperature ca~ be represented as shown 

in Fig. 11. At lower temperatures, 300 to 400°C, a logarithmic rate law ap­

peared to hold, but at higher temperatures, 500 to 600°C, a paraboli·c behavior 

seemed prevalent. 

10 
M. J. Steindler and R. C. Vogel, Corrosion of Materials in the Presence 

of Fluor:i.ne at Elevated Temperatures, Argonne National Laboratory Report, 
ANL-5662 (January, 1957). 

11c: Slesser and S. R. Schram, Preparation, Properties·, and Technology of 
Fluorine and Organic Fluoro Compounds, National Nuclear E~ergy Series, Div. VII, 
Vol. 1, pp.l57, 173, McGraw-Hill, New York, 1951. 

1~. J. Barber and H. A. Bernhardt, K-1421 (April 9, l959)(classified). 

l3H. J. Emeleus, Fluorine Chemistry (ed. by J. H. Simons), ~' ·7, 
Academic Press, Inc., New York, 1950. -

14Laurence L .. Quill (ed. ), Chemistry and Metallurgy of Miscellaneous 
Materials: Thermodynamics, National Nuclear Energy Series, Div. IV, Vol. l9b, 
p. 202, McGraw-Hill_, New York, 1950. 

l5.M. Faber, R. T. Meyer, and J. L. Margrave, "The Vapor Pressure of Nickel 
Fluoride," J. Phys. Chem. 62, 883 (1948) • 
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Fig. ll. Consumption ofF~uorine by a Nickel Vessel.· Reference: 
R. K. Steunenberg, L. Seiden, and H. E. Griffin, "The Reaction of Fluorine 
with Nickel Surfaces," Argonne National Laboratory Chemical Engineering 
Division Summary Report, July, August, September, 1958, ANL~5924, pp. 42-43. 
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More detailed work in this field has been reported by ORGDP.
16 

Nicke l was found to form a continuous, adherent fluoride film with an un­

diluted f l uorine atmosphere at temperatures up t,o about 980°C . Electron 

microscopy indicated that the nickel f luoride films had few flaws in the in­

dividual crystals which would permit direct access of the fluoride to the 

nickel surface .underneRth. ThP. sbJdies also indicated that, as the nickel 

f luoride fi lm thickened, more resistance to attack was obtained. However, 

considerable intergranular attack of the metallic nickel was noted at tempera­

tures of approx 815 and 980°C (Fi g . 12) . The depth of intergranular penetra­

tion was estimated to be 5 to 8 times the average attack as cal culated from 

scal e formation . The report indicated that the primary mechani sm of attack 

appeared to be diffusion along the crystal boundaries. 

The second major corrosive agent placed in contact with the 

Mark I f luorination vessel during operations was UF
6

. The effect of this 

compound on metal s had undergone investigation in connection with the design, 

construction, and operation of the ORGDP .
1

7 Some recent work at the same site 

indicated that on A nickel samples which were coated with nicke l f l uoride films 

of 37 000 and 74 000 A, the average penetration of the nickel by UF
6 

at about 

8l5°C, calculated from the average nickel f l uoride scale formation, appeared 

to be about one third of that experienced with f luorine at about 700°C . (ref 16 ) 

Later wor k by the same group indicated that at times one order of magnitude 

greater (hundreds of hours versus tens of hours ) NiF~ is lost by vaporization 
L 

and/or a reaction process so that catastrophic attack can occur by additional 
18 

U.l! 
6 

contact . 

The nickel exposed to the UF
6 

at those e l evated temperatures ex­

hibited a grain- boundary attack hP.nP.ath the f luoride scale quite similar to 

16 . C. F . Hal e, E . J. Barber, H. A. Bernhardt, and Karl E . Rapp, Hlgh 
Temperature Corrosion Study, Interim Report for the Period November~58, 
Through May, 1959, KL- 498 (July 28, 1959 ). 

l7J. ;~ · Katz and E. Rabinowitch, The Chemistry of Uranium, National Nuclear 
Energy Series, Div . VIII, Vol. 5, pp . 445-46, McGraw-Hill, New York, 1951. 

18 
E . J. Barber, Technical Division, ORGDP, Jan. 7, 1960, Private 

communication . 
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Fig. 12. Microstructures of A Nickel Coupons (a) As Received; (b) After 
Exposure to F2 at 8l5°C for 4 hr and for 32 hr at Lower Temperatures; (c) Afte r 
Exposure to F2 at 980°C for 35 hr and for 350 hr at Lower Temperatures. 
Etchant: Soldium cyanide, ammonium persulfate. lOOX. Reference: C. F. Hale, 
E. J. Barber, H. A. Be.rnhardt, and Karl E. Rapp, High Temperature Corros ion 
Stu Tnterim Report for the Period November 1958 Through May 1959, KL-498 
July 2 ' 1959 . 
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that experienced in the exposures to fluorine. It was also observed that 

both nickel fluoride and UF
6 

corrosion products had appreciable vapor pres­

sures at those test temperatures and were observed to migrate to the cooler 

portions of the reactor by vapor-phase transfer. 

In addition to F2 and UF
6

, fused-fluoride salts were also in 

contact with the Mark I VPP fluorinator. At ORNL, considerable progress has 

been made in determining material compatibility in various fused-fluoride-

salt systems through the Aircraft Reactor Experiment and Molten-Salt Reactor 

Projects. 19 Nickel-base alloys were found to be, in general, superior to other 

commercial alloys for the containment of fluoride salt mixtures under dynamic 

flo-vr conditions. 

2. Collective Attack During Fluorination 

The fluorination cycle of the fluoride volatility process pro-

. :•:.< ·duced greater corrosive attack by the collective system of F2 , UF6' and fused 

fluoride salts on nickel than had been reported for the individual constituents. 

During VPP operations, the Mark I L-nickel fluorinator displayed maximum cor­

rosion rate losses of 1.2 mils/hr, based on F2 sparge time, or 46 mils/month, 

based on molten-salt residence time during VPP "M" runs (l-48) and "C" runs 

(l-15). These rates include wall thickness or metal losses as determined by 

dimensional analysis plus intergranular penetration as determined by metallo­

graphic examination. The rates are generally consistent with early bench-scale 

work on the volatility process. 20 

For convenience in reporting, the proposed reasons for the high 

corrosive. attack on the fluorination vessel will be discussed under four major 

headings: (a) Interior Bulk Losses, (b) Interior Intergranular Attack, 

(c) Exterior Intergranular Attack, and (d) Grain-Size Variations. 

19 W. D. Manly et al., "Construction Materials for Molten-Salt Reactors," 
Fluir'l Fl1P.l RP.ar.t.or~ ""(ed. by Lane, MacPherson~ and Maslan) Chap. 13, Addison-
·wesley, Reading, Mass., 1958. . 

20
G. I. Cathers, "Fluoride1 Volatility Process for High Alloy Fuels," 

Symposium on the Reprocessing of Irradiated Fuels Held at Brussels, Belgium, 
May 20--25, 1957, TID-7534, pp •. 571-572. 
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a. Interior Bulk Losses 

The first portion of this section described "conditioning" 

treatments whereby nickel fluoride was induced on the walls of the Mark I 

fluorinator prior to actual high-temperature operations. This was in harmony 

with prevailing generalizations concerning,passive _fluoride films, which, when 

formed on exposed metal surfaces may inhibit further attack by elemental 

fluorine. ' ' 16 21 However, based upon ORGDP and Argonne Nat1onal Laboratory work, ' 

it appears· that passivation temperature should have been equal to, or greater 

than, the operating temperature, rather than ~o-150°C,, in order to induce 

greater film thicknesses. The work by Hale et al., indicated that while cor­

rosive attack on nickel by fluorine did not cease after the'nickel fluoride 

film thickened, additional resistance to attack was obtained at test tempera­

tures up to 980°C. Considering the very high rate losses found on samples 

removed from the wall of the first VPP fluorinator, it would appear that 

conditions were present in the vessel which (1) did not allow sufficient film 

thickening to occur, (2) reduced the protectivity of thickened nickel fluoride 
' . 

/-films, or (3) permitted catastrophic losses of the nickel fluoride films. 

Free fluorine was present, periodically, during all of the 

VPP operations in quantities above those amounts necessary to oxidize any 

UF4 in the fluoride salt·mixtures to UF6 . Thus, even though catastrophic 

losses of old nickel fluoride films might occur, new films would have oppor• 

tunity to form. Therefore, a continuous cycle of initial loss, reformation, 

and secondary 'loss of the nickel fluoride films forming on the walls of the 

fluorinator is proposed as the method whereby the large losses of bulk metal 

occurred. 

This proposed loss cycle could be initiated and maintained 

in several ways depepding on the region ?f the fluorination vessel under con-

. sideration. Iri the salt region, fused fluqride salt baths could dissolve the 

2~. K. Steu.nenberg, L. Seiden, and H. E. Griffin, "The Reaction of 
Fluorine with Nickel Surfaces," Argonne National Laborato:ry Chemical Engineering 
Division, Summary Report, July, August, September, 1958, ANL-5924, pp. 42-43. 
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nickel fluoride films until saturation of the baths with nickel fluoride 

occurred. It has been reported that NiF2 is soluble in equimolar NaF-ZrF4 
to the extent of 1.8 wt % at 700°C. (ref 22 ) 

At the vapor-salt interface, similar dissolution could have 

occurred to remove protective wall films. Also,.a washing action caused by the 

fluorine sparge agitation and the rise and fall of the bath level could aid 

film removal. 

In the vapor region, where maximum metal losses occurred, 

nickel fluoride films that have limited plasticity at the lower operating 

temperatures might be lost through cracking or rupturing. Also, the dif­

ference in linear coefficients of thermal expansion of nickel and nickel 

fluoride would be sufficient to exaggerate the spalling tendency. These 

actions may also occur in the other two major regions of the fluorination 

vessel, but the other loss mechanisms described for those areas would proba­

bly predominate. 

Cathers has suggested an additional mode of film loss for 

the vap~r region, i.e., dissolution of nickel fluoride in very highly corrosive· 

liquids which condense in the cooler zones of the fluorinator. 23 Fluoride 

compounds of intermediate volatility such a~ those containing high-valent 

chromium, sulfur, titanium, and/or silicon, might be resvonsible. This con­

densate is pictured as being extremely variable in composition (possibly 

including HF and water vapor, if they were unintentionally admitted into the 

system) and in dissolution ability. After the condensate forms in a rela­

tively cold region of the vessel, it would run down the wall toward a higher 

temperature zone, where it could then dissolve the nickel fluoride surface 

films. Progressing further down the walls of the vessel, it would eventually 

reach a temperature zone where it could reflux, and leave with the product 

stream or re-enter into the vessel corrosion environment. 

22c. L. Whitmarsh, Uranium Recovery from Sodium-Zirconium Fluoride-Salt 
Mixtures, Volatility Pilot Plant Runs L-1 Through L-9, CF-59-9-2 
(September 30, 1959) . 

. 23G. I. Cathers, ORNL Chern. 'I'ech. Div., Private communication. 
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Support is given to the Cathers' suggestion in view of 

the design used_ for the VPP fluorination vessel and the results of the chemi­

cal studies on the interior wall deposits from the vapor region of the vessel. 

The Mark I fluor.inator heating system was desig~ed to produce cooler tempera­

tures in the upper regions of the vessel. The maximum temperature recorded 

on a thermocouple attached to the exterior vessel wall 12 in. betow the 

slip-on flange was'500°C, while the average temperature in the same region 

was 400°C. The thought was that a cooler top vessel zone would. permit 
I . 

deposition, of low volatility compounds that might entrap uranium products. 

After some indefinite time of deposition, it was felt that these layers 

would. gradually fall ·back into the salt baths and become available for fur­

ther fluorination. 

In support of the condensable corrosive liquid theory, 

chemical analyses of residual wall deposits and millings from the fluori­

nator vessel walls in the middle vapor region (Figs. 4 and 6) showed high 

concentrations of uranium and chromium. Thus, it would seem that entrain­

ment of uranium and redeposition of materials containing uranium did occur 

and that chromium was a part of the entrapping agent or agents. 

Rather than describing the agents which seem to have aided 

·the corrosion progress in the middle vapor region as condensable liquids 

which dissolve nickel fluoride, favor is given to the idea that the nickel 

'fluoride complexed with other more volat~le fluorides, the combinatio~ of 

which have lower melting points than nickel fluoride. It has been reported 

that nickel fluoride complexes easily and that many combinations are known. 24 

A complex of NiF
2 

and high valent chromium fluoride appears to be a parti~ 

cularly good Rossibili·ty. 

Of interest in discussing the wall-thickness losses on the 

Mark I fluorinator is the region slightly above the-salt-vapor interface where 

very low losses were found. In this same region, a ring of deposited material 

24
H. J. Emeleus, Fluorine Chemistry (ed. by J. H. ·simons),~' 7, 

Academic Press, Inc., New York, 1950. 
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was found after operations. Unfortunately, chemical analyses were not ob­

tained on the deposit. However, the fact that this thick ring was present, 

probably continuously during operations, is believed to have prevented inter­

actions with the nickel fluoride "protective" surface films underneath and 

thereby prevented high losses in that region. The reason for the formation 

and continued presence of the ring is associated with the low temperatures 

that predominated in this region. The location· is between the furnace windings 

and the tubular-type heating elements attached to the upper portion of the 

vessel. Also, the presence of the furnace seal on the exterior o1' the f'luori­

nator at this same elevation probably affected temperature by acting as a 

sink .for conducted heat in this region. 

b. Interior Intergranular Attack 

In the "as-polished" condition, interior surface samples from 

the Mark I fluorinator showed no sign of intergranular corrosive attack. After 

etching with a strong acid solution, a mixture of 0.5% HCl, approx 40% HNo
3

, 

and approx 60% HC0 H
3
00 , the surface grain boundaries to depths of from 4--25 mils 

c;_ c;_ 

were attacked more severely and rapidly than grain boundaries closer to the 

interior of the specimens. Using a mild etchant, KCN-(NH4 )2s
2
o

8
, and partial 

repolishing, a pale yellow deposit was observed at the mating surfaces of the 

grains. The appearance of the intergranular attack on the fluorinator walls 

was distinctly different than that produced in nickel by fluorine or UF6 (with 

an initial nickel fluoride film) and reported by Hale et a1. 25 

'rhe formation of grain-boundary compounds or other changes in 

grain-boundary regions, such as those observed, and which are generally catego­

rized as intergranular corrosion attack, often result in the loss or "sloughing" 

of entire grains from the exposed surface of the material. However, metallo­

graphic examinations of specimens from the fluorinator .revealed relatively 

smooth surfaces. 
25c. F. Hale, E. J. Barber, H. A. Bernhardt, and Karl E. Rapp, High 

Tempera~ure Corrosion Study, Interim Report for the Period November:-I§58, 
Through May, 1959, KL-498 (July 28, 1959). 
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Some circumstantial evidence was available to indicate that 

sulfur contamination prod~ced the grain-boundary modificatioris observed. In 

addition to previously reported work26 where microstructures of nickel speci­

mens purposely embrittled with sulfur were compared with early VPP L nickel 

corrosion specimens, a communication from ORGDP, which supplied the VPP with 

process fluorine, indicated that as much as 200 ppm of sulfur as-sulfuryl 

fluoride had occasionally been detected in their manufactured fluorine. 27 

Contamin~tion from the commercial sodium fluoride used to strip hydrogen 

fluoride and water from the process fluorine could also be a source of sulfur. 

Sulfur could also be introduced into the system from impure feed salts or from 

trace quantities contained in corrosion test specimens. 

Attempts to prove the presence of sulfur in the fluorinator 

wall samples in quantities greater than that present in the base metal by 

us;ing sulfur print papers, chemica;t analyses of surface millings and wall 

deposits., bend tests, and various metallographic techniques either met with 

failure or produced inconclusive results. This was particularly frustrating 

in view of early reports that free Ni
3
s

2 
had been identified tn nickel micro·-

- scopically when 0.05 and 0.005 wt %·s, respectively, were present. 28, 29 Exam­

ination of the nickel-sulfur consti-tution diagram indicated that Ni
3
s

2 
would 

be the compound to seek in identifying low percentages of sulfur contamination 
30 in nickel. It was considered that chromium and/or other system contaminants 

may have complexed the Ni
3
s2 and thus prevented identification by some of the 

described methods. However, considering the extensive efforts employed on the· 

fluorinator samples, if sulfurwere the major agent responsible for the inter­

granular attack, more positive indications should have been found . 

. 261. R. ·Trotter and E. E. Hoffman, Progress Report on Volatility Pilot 
Plant Corrosion Problems to April 21, 1957, ORNL-2495 (September 30, 1958). 

27H. J. Culbert, Process Engineering Division, ORGDP, Private communication. 
28

G. Masing and L. Koch, ~- Metallkunde 19, 27&-279 (1927). 
29P. D. Merica and R. G. Waltenberg, Trans. Met. Soc. AIME 71 709-716 (1925); 

National Bureau of Standards Technical Paper 281~55-182 (192~ 

30M. Hansen and K. Anderko, Constitution of Binary Alloys, p. 1035, 
McGraw-Hill, New York, 1958. 
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The nature of the grain-boundary deposits may not be deter­

mined until they are studied by an electron probe microanalyzer or some other 

precise tool. . Nevertheless, because of the potential effect on corrosion and 

the cumulative and irreversible embrittling tendencies of the nickel-nickel 

sulfide eutectic, reduction of sulfur in VPP nickel fluorinator '·s environ­

ments to the lowest possible levels is essential. 

c. :t:xte:ci.or Intergranular Attack 

As· described, the exterior of the Mark I fluorinator shell 

also suffered intergranular attack, but to a lesser degree than the interior. 

Penetration on the exterior surfaces varied from 3-8 mils. The appearance 
., 
of this attack at high magnification, the exterior environment, and th~ 

presence of Ni02 found on the second VPP fluorinator operated under similar 

conditions, indicate typical high-temperature intergranular oxidation of 

nickel. 

d, Grain-Size VariatiQ:Q$ 

Metallographic examination of samples removed from the shell 

-of the Mark I fluorinator disclosed widely variant grain sizes. Small, uniform 

gr~ins of 5-6 average ASTM grain-size number prevailed in the salt and salt­

·vapor interface regions, while much larger grains were observed in most of the 

vapor region. ·The largect grains found in the vapor region were at an eleva­

tion.of approx 12 in. below the bottom of'the slip-on flange. The average 

ASTM grain-size number at the 12 in. elevation was greater than l. Diffractom­

eter traces were obtained on vessel samples removed from the 1-, 12-l/2-, and 

43-in. levels in order to compare the residual strain remaining in the samples. 

The results indicated approximately no recrystallization had occurred at the 

l-in. level, only a ~ery limited amount of recrystallization took placP. at 

the 12-l/2-in. level, and partial, if not complete, recrystallization occurred 

in the salt-phase sample. 

The classical factors which determine crystallite growth upon 

heating are amount of prior cold deformation, annealing temperature, and 

annealing time; Generally, larger amounts of cold deformation provide for 



smaller resultant grain sizes after isothermal and constant time annealing. 

Higher ternpe·ratures and, to a lesser degree, longer times result in _large:r 

grain sizes on material containing some fixed amount of cold work. 

In many material~ a small amount of prior cold deformation 

results in the production of exaggerated grains after annealing at ordinary 

times and temperatures. In these cases,- the term "critical strain" has been 

given to the quantity of cold work originally introduced._ The mechanisms 

involved here have been studied and reported in detail.3l 

The VPP Mark I fluorinator was fabr:;Lcated from L nickel by 

converting a flat, annealed, l/4-in. plate into a 14-in.-diam right cylinder 

by rs>ll forming. During forming~ cold deformation was induced in the outer­

most fibers of the shell to a calculated maximum of approx. 2%. This amount 

of cold work is at the right level to be termed "critical strain" for most 

metals.and presumably was present along the entire length of the fluorinator 

shell. However, exaggerated· .grain sizes were observed only in a portion of 

the vapor phase of the vessel after pilot plant operations. Therefore, an 

,additional variable, rate of heating after prior deformation, has been sug-. . . 

gested as· the most inflvential factor tn producing the grain sizes found in 

tne Mark I fluorinator.32 

The 1'irst time the fluorinato:r was heated was during pre­

liminary fluorination_ equipment studies. During those' cycles' the loy.rer 
\ . 

23 in. of the vessel was surrounded by a high heat-flux 30-kw electric-

re~istance furnace which raised the temperature of the enclosed portion of 

the vessel to approx'450°C. No external heat or insulation was in close 

proximity with the upper portion of the fluorinator. Later cycles during 

I 
\ 

the same pr~liminary studies were done with a glass-lined heating mantle 

covering the top portions of the fluorinator. Temperatures in the lower re­

gions of the vessel reached 600-700°C, while temperatures.in the upper regions 

of the vessel were -much lower. 

3lJ. E. Burke, "The Fundamentals of Recrystallization and Grail). Growth," 
Grain Control in Industrial Metallurgy, American Society for Metals, Cleveland, 
Ohto, 1949~ 

32 L.-K. Jette;r and C. J. McHargue, ORNL Metallurgy Division, Private 
communication. 
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In view of the initial Mark I heating cycles, and confirmed 

·by the diffractometer traces, the salt region of the fluorinator appears ~o 

have experienced thermal levels where recovery and at least partial recrystal­

lization occurred. The recrystallization temperature for nickel varies from 

approx 600°C for A nickel, 99.4 .wt % (Ni + Co) to 370-470°C for various 
+ purities of .electrolytic nickel, 99.9 wt % (Ni + Co) after 50% reduction by 

cold rolling and annealing for l hr at Lhe temperature indicated. 33 .Jetter 

and McHargue have suggested that during the initial heating the rapid rate 

of heating did not allow complete relief of internal stresses which at higher 

temperatures served A.s nucleation siteo for recrystallization. The rate of 

, ._.appearance of these nuclei is known to increase with time, exponentially with 

temperature, and with increasing amounts of prior cold deformation. 31 After 

nucleation, stable nucleus growth occurred and the presence of so many grains 

growing in a fixed volume limited the salt region grain size. Later heat 

cycling of the fluorinator was done at approximately the same tempera~ure 

levels as the highest original heating (600-725°C) so that probably little, i.f 

any, grain-boundary migration occurred after recrystallization to increase the 

grain size in the lower port:ions of the vessel. 

The top half of the Mark I fluorinator sustained lower tempera­

tures during the first heat cycles as'the result of heat losses by radiation 

~nd convection from the upper portions of the vessel wall. A steady state 

temperature of< 200°C at the 12-in. level b.as been estimated.34 The upper 

portions of the vessel also experienced sluggish heating rates when compared 

to that portion of the vessel enclosed by the heating furnace. It has been 

suggested that the latter influenced the grain size in the vapor region by 

permitting more complete recovery and resulting in few nucleation sites. 

_ During later operations in the pilot plant, rod-type electric 

heating elements.with a total rating of 9 kw were in contact with the vapor 

3~. M. Wise and R. H. Shafer, "The Properties of Pure Nickel- I, II, III," 
Metals and 1\lloys, 16 Dept., 1J. 424, Nov., p. 891, Dec., p. 1067; 1942. 

34s. H. Stainke~, ORNL Chemical Technology Division, Private communication. 
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region exterior surfaces of the fluorinator. A thermocouple at approximately 

.the 12-in. level indicated average temperatures of 400°C and a maximum of 

500°C. Such thermal leve:ls permitted only, a small amount of recry'stallization 

to occur, as indicated by the diffractometer studies. An extremely coarse 

grain size resulted from the described conditions. 

Examination of samples removed from the Mark I fluorinator 

revealed that the met'al...:loss profile and grain-size profile closely paral-: 

leled one another except for the region just below the top flange of the 

vessel. Because of the evidence of corrosion by intergranular attack during 

exposure to the voJ.,atility fluorination·environment, a causal relationship 
I . ' 

is suggested. Thus, loss of. a large g~ain by effectively losing grain-boundary 

material until the grain slo~ghs off _would mean greater losses than for the 

same procedure happening in fine-grain regions. However, sloughing of grains 

was not observed and onl~ a sltght widening of the poundaries was noted at 

the junct~on of the boundaries and the exposed metal surfaces. Also, th~ 

depth of intergranular penetration in coarse-grain' regions was about. the same 

as in most of t~e fine-grain regions. The conclusion is that metal loss and 

-grain size do not seem to be interrelated in the corrosion of the Mark I 

:fluorinator. 

'However, for two reasons, the authors recommend using fine-

grained material for fluorination vessels. One, a higher strength level will 

be achieved in nickel, a material not noted' for superior strength; and two, 

one variable will be removed in a system reple~e with variables. Fine-grained 

material can be provided by modification of the specifications of purchased 

stock and by revising the a:r:mealing cycle after fabrication.35 

II. Mark II Volatility.Pilot Plant L Nickel Fluorinator 

A. Material Selection and Fabrication-Design Changes 

While L nickel seemed deficient in its corrosion resistance for. long­

time service, no other commercially available material had, at that time, proved 

35"Annealing of Nickel, Monel, and Inconel," Tech. Bull. T-20, The 
International-Nickel Company, Inc., New York, ~pril, 1953.· 
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itself on the basis of scouting or other tests to be worthy of immediate sub­

stitution as a f l uorinator material of construction. Moreover, the heavy 

vapor- phase attack on the Mark I fluorinator was stil l under investigation, 

so that the use of the same construction material seemed especial ly appropriate 

to ascertain more about this corrosion problem. Consequently, the Mark II 

fluorinator waR fabricated in the ORNL shops from the same heat of 1/4- in.­

thick L nickel as was used in the previous pilot plant vessel . Ana~ogous 

fabrication techniques were used . Figure 13 shows the second VPP f l uorinator, 

the vessel furnace, and the compl exible radioact ive products ( CRP ) trap . 

Certain design changes were incorporated in the second pi l ot pl ant 

f l uorinator . In order to provide for remote handling and to all ow desirabl e 

upward flow through the CRP trap, its l ocation was changed from the origina~ 

side position shown in Fig . 1 to an e l evation compl e t e l y above t he Ma r k II 

fluorinator . Other process design changes incl uded some modificat ion of the 

draft tube assembl y, r epositioni ng of the off- gas line , and inst allation of a 

small port in the top blind flange of the f l uorinator for observation and entry . 36 

B. Ope rational History 

The Mark I I f l uorinator was pl aced in servi ce at the beginning of 

the "E" runs during which time fue l used in the Aircr aft Reactor Experiment 

was reprocessed . 37 The use of the vessel was continued duri ng the "L" (spiked) 

runs and during t he gas- ent rainment studies, M- 62 thr ough M- 64 . The process 

history, summarized in Table VI, has been divided into three phases for con­

venience in reporting the Vidigage inspections on the vessel at the compl etion 

of Runs L-4 and L-9. 

The "L" or spiked runs were made in the VPP to extend process develop­

ment data and used a nonirradiated sal t with ful ly enriched uranium. 38 Some 

36F . W. Miles and W. H. Carr, Engineering Evaluation of Vol ati l ity Pilot 
Pl ant Equipment , CF-60- 7- 65 , pp . 43- 5. 

- . 37w. H. Carr, Volatility Processing of the ARE Fuel, CF- 58- ll-60 (November 
ll~, 1958 ). 

38c. L. Whitmarsh, Uranium Recovery from Sodium Zirconium Fl uoride Sal t 
Mixtures) Vol atil.i ty Pilot Plant Runs L-1 Through L-9, CF- 59-9- 2 (September 
30, 1959 0 
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Fig. 13. Mark II VPP Fluorinator and CRP Trap. 



Tabl e VI. Summary of Process Conditions for 1~ark II Vol ati l ity Pilot Plant Fluorinator 
VPP "EJ" "LJ " and "M'' ( 62- 64 ) Runs 

Temperature) °C 
Thermal cycles 
Time of expcsure at temper­
ature) salts molten- hr 
Fused saltJ 
:c.ominal mole ojo 

Conditioning fluorine 
inputJ standard litersa 

C~erating fluorine input, 
Etandard litersb 

tF
6 

exposure, hr 

Phase I 
Runs E- 1 Through E- 6; 

L- 1 Through L- 4 

540-730 
10 

"' 900 

El- E6 NaF- ZrF
4

- UF4(c,d) 
(48-49.~2 . 5 ) ( ) 

4 e , f Ll- L NaF- ZrF4- UF4 
( 54-41:-5) 
4535 in 18 hr 

(2 .8-6 . 9 standard 
liters/nin) 
44 470 in 74 hr 

(1 . 6-20 . 2 standard 
liters/nin) 

"' 25 

Pha::e II 
Rum. L- 5 

ThroLgh L-9 

55C~700 

4 
"' 310 

NaF- ZrF4-UF4 (g) 
( 52--45 . :r-2 . 5) 

750 in 3 hr 
(2 . :.-7 standard 
liters/min) 
16 000 in 18 hr 

10 

Phase III 
Rur_s M- 62 

Through M- 64 

600-690 
17 

"' 725 

NaF-ZrF4 
(50-50) 

none 

none 

none 

Total 

540-730 
31 
1935 

5285 in 21 hr 
( 2 . :r-7 standard 
liters/min) 
60 470 in 92 hr 

(1 . 6-20 . 2 standard 
liters/min) 

35 

aThese operations were done at 20-150°C for the :purpo::.e of inducing an initial "protective" film of 
r_ickel fluoride on the walls of the f l uorinator . 

bAn average of approx 3: 1 excess F2 over that quantity necessary for theoretical re qui rements was 
used in order to reduce the final uranium concentration in the sal t to a few parts per million . 

curanium was fully enriched. Feed sal ts contained thE fol l owing rangeE of impurities: Component : 
0 . 031-0 . 056 wt ojo Cr, 0.017- 0 . 138 vlt ojo Ni, 0 . 033- 0 . 078 wt ojo Fe , O.OOlr0 . 080 wt ojo Si, < 0.001- < 0 . 005 vlt ojo Mo . 

de . L. Whitmarsh, Reprocessing of ARE Fuel, Volatility Pilot Plan~,Runs E- 1 and E- 2, CF- 59- 5- 108 , 
(May, 1959 ) and Reprocessing of ARE Fuel, Volatility Pilot Pl ant, Runs E- 3 and E- 6J CF- 59- 8- 73 (August ) 1979) . 

eTen milligrams of PuF4 added in Run L- }-4 . Feed salts contained the following ranges of impurit ies : 
Component: 0 . 018}-0 . 0345 vrt ojo CrJ 0 . 03:r-0 . 236 wt ojo NiJ 0 . 013}-0 .030 wt ojo FeJ < J . OOJ.:-0 . 005 wt ojo SiJ 
< 0 . 001- < 0 .0052 wt ojo MoJ and "' 0 . 010 wt% Ti for L-lJ- 3, and - 5 onl y . 

fc . L. Whitmarsh) Uranium Recovery from Sodium- Zirconium Fl uoride Sal t Mixtures) Volatility Pilot 
PlantJ Runs L- 1 Through L- 9J CF-59- 9- 2 (September 30J 1959 ) . 

gUranium was fully enriched . One gram of Pu.F4 added in Run L- 6; 10 grams of PuF4 added in Run L- 8 . 
Same feed salt impurities and reference as detai l ed i n (d) above . 



of the runs were spiked with high burnup salt, thus the name of this series. 

During three of the "L" runs, se l ective additions of PuF4 were added to the 

feed salt so a s to gather information on the behavior of plutonium in the 

volatil ity process . 39 Previous experiments had indicated that some volatili­

zation of PuF
6 

woul d occur. However, gr eater than 99% of the p l utonium 

remained in the salt in the f luorinator during the "L" runs . 

Several months after the "L" runs were compl eted, the Mark II f luori­

nator was used to study gas - phase entrainment probl ems in the VPP.
40 

These 

runs, M- 62 through M- 64, investigated ZrF4 solid condensation in the vapor 

phase . Barren equimolar NaF- ZrF
4 

salt was used in these studies and f l uorine 

was not present . 

C. Reaction to Environment 

l. Visual and Vidigage Inspections 

During the first portion of the "L" runs, l through 4, persistent 

l ine plugging occurred. Presumably this was due to nickel contamination in 

the feed sal ts plus corrosion losses which a llowed the concent ration of nicke l 

fluoride in the salt to exceed the solubility limit. After run L-4, the plant 

was shut down and approx 200 lb of a high-me l ting salt complex was found in 

the bottom of the Mark II f luorinator . See Fig. 14. Petrographic and x-ray 

diffraction anal yses showed the mass to contain 20-30 wt % NiF
2 

and 

50-60 wt % NaF- NiF2- 2ZrF4 . I n order to continue using the vessel, the frozen 

salt was chipped out with a pneumatic hammer . 

Results of a visual inspection of the Mark II VPP fluorinator 

after exposure to "E" and L-1 through L-4 runs and cl eanup operations are 

cited : 

Vessel walls Free of salt on the interior . Exterior surfaces were 
covered with a dull gray film . Those portions of the 
wall near the girth we l d had scars on the interior sur­
faces presumably caused by glancing blows of the pneumatic­
hammer blade. 

39R . A. Cross and C. L. Whitmarsh, Plutonium Behavior in the Fluoride 
Vo l atility Process, CF-59-9- 5 . 

40J. B. Ruch, Volatility: Fluorinator Design FV-100, Zr-U Fuel Element 
Processing Phase, CF-59-5-89. 



Fig. 14. Interior of Mark II VPP Fluorinator After Run L-4. (Fluorine 
inlet cut off prior to taking of photograph.) 
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Interior surfaces were sharply defined by corrosive attack . 
Corrosion of the weld metal (INCO 61) appeared to have been 
as severe or more severe than that of the wall (L nickel) . 

Interior surfaces were sharply defined by corrosive attack . 
Corrosion of the weld metal (INCO 61) appeared to have been 
as severe or more severe than that on the wall or the dished 
head . 

Interior surfaces exhibited many scars on sides and bottom 
of the head, presumably caused by the pneumatic- hammer blade . 
Exterior surfaces were bulged approx l / 16 in . in about six 
places corresponding to the deeper internal scars. 

Vidigage (ultrasonic thickness) measurements were made to assess the damages 

during salt removal p l us the wall- thickness losses that had occurred during 

previous process cycling. A maximum wall-thickness l oss of 68 mils was found 

in the salt- containing region of the f l uorinator . Complete results of the 

Vidigage examination are shown in Table VII along with other data . 

Despite the high-corrosion l osses indicated, a decision was made 

to use the vessel for an additional five runs so as to compl ete the scheduled 

process development studies . No p l ugging difficulties were encountered during 

the subsequent "L" runs 5 through 9 . This was accomplished by diluting the 

feed salt with an equal amount of nickel- f r ee barren salt. 

Figure 15 shows the interior of the Mark II f l uorinator after 

run L-9. 'rhe r esults of a visual inspection after hand chipping and decon­

tamination were as fo llows : 

Vessel walls 

Longitudinal 
seam weld 

Girth weld 

Dished head 

Free of salt on the interior. Vapor region appeared rough 
and pitted and had an adherent green deposit in the region 
10-20 in . be l ow the t;lip- on f lange . Exterior surfaces were 
covered with a dull gray fi l m. The scars caused by the 
pneumatic- hammer blows after Run L- 4 were still pr esent . 

Interior surfaces were more sharply defined by corrosive at­
tack t han previousl y noted. Corrosion of the weld metal 
appeared to have been more severe than that of the base 
metal. 

Interior surfaces were more sharpl y defined by corrosive at­
tack than previous l y noted. Corrosion of the we ld metal 
appeared more severe t han that of the base metal . 

Interior and exterior scars from previous chipping operat ions 
were still present. 



Table VII . Comparison of Vidigage Thickness Readings} in InchesJ o~ the Volatility Pilot 
Plant ~ark II L Kicke l Fluorinatora 

s.w. Quadrant N.W. Quadrant K.E. Quadrant S .E. Quadrant 
El evation Area A Area B Area C Ares D Area E 
(in . be l ow Reading Reading Reading Reading Feading Readi ng Reading Reading Reading Reading 
slip- on after aft e r afte ::::- aft er after afte r after aft er after after 
f l ange ) Region Run L- 9 Run L- 4 Run L-9 Run L- 4 Eun :=..- 9 Run L- 4 Run L- 9 Run L-4 Run L- 9 Run L- 4 

l 0 . 248 0 . 248 0 . 248 0 . 248 0 . 250 0 . 248 0 . 250 0 . 2L8 
3 1\ 0 . 249 0 . 247 0 . 250 
5 0 . 250 0 . 250 
7 0 . 248 0 . 246 0 . 250 0.248 
9 0 . 248 0 . 248 0 . 247 0 . 249 0 . 250 

ll 0 . 244 0 . 243 0 . 242 0 . 248 0 . 246 
13 

H 
0 . 238 0 . 232 0 . 241 0 . 238 0 

15 ~ 0 . 230 0 . 234 0 . 230 0 . 234 0 . 235 0 . 234 
17 

J 
0 . 230 0 . 229 0 . 234 0 . 228 0 . 234 0 . 236 

19 0 . 226 0 . 232 0 . 238 
21 0 . 230 0 . 234 0 . 234 0 . 236 C. 238 0 . 236 
23 0 . 240 0 . 238 0 . 240 

25 
1\ (]) 

0 . 236 0 . 23L 0 . 232 0 . 230 0 . 240 
27 

H l U 
0.230 0 . 230 0 . 230 

29 0 al 0 . 234 0 . 240 0 . 224 0 . 222 0 . 230 0 . 2~.6 0 . 240 P-1 r-l ct-1 
31 al al H 0 . 226 0 . 224 0 . 224 0 . 221 0 . 218 0 . 2::::8 0 . 230 0 . 230 0 . 229 :>w<l> 
33 ~~ 0 . 210 0 . 207 0 . 206 0 . 210 0 . 204 0 . 226 0 . 222 0 . 220 
35 0 . 236 0 .196 0 . 236 0 .198 0 .196 0 . 202 0.210 0 . 210 0 . 210 

37 

1 
0 .198 0 . 230 0 .196 0 . 230 0 .192 0 . 212 0 .198 0 . 206 0 .195 0 . 194 

39 0 .194 0 . 227 0 .198 0 . 234 0 .189 0 . 215 0 .193 0 .194 0 .192 0 .187 
41 0 .194 0 . 224 0 . 204 0 . 242 0 . 187 0 . 210 0 .189 0 . 192 0 .192 0 .187 r-l 
43 al 0 .206 0 . 227 0 . 206 0 . 248 0 .184 0 . 202 0 .186 0 .184 0 .190 0 .186 rJ) 

45 J 0 . 210 0 . 242 0 . 208 0 .188 0 . 204 0 .186 0 .184 0 . 200 0 .182 
47 0 . 238 0 . 246 0 . 240 0 . 252 0 .192 0 . 204 0 .198 0 .194 0 .196 0 .196 

aAccuracy of readings est imated to be ± 0 . 003 i n . 

+ 
--J 



Fig. 15. Interior of the Mark II VPP Fluorinator After Run L-9. 
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Decontamination was done by alternate washings using a mixture of 0.7 ~· H2o2, 

l.~ ~ KOH, and 0.4 ~ Na2c4H4o6 at room temperature and 4 ~ (NF4 )2c2o4 at lOOoC. 

At that time Vidigage readings were obtained ana are reported in Table VII, 

along with the previous readings obatined after Run L-4. No significant ad­

ditional wall-thickness losses were found. 

The corrosion conditions established during the gas-entrainment 

studies, Runs M-62 through M-64, which were done at a later date us~ng the 

Mark II fluorinator, were not felt to be sufficiently serious to warrant 

another complete Vidigage inspection. 

2. Chemistry 

Samples of the dull gray film present on the exterior wall of 

the Mark II fluorinator after Runs L-4 and L-9 were analyzed by x-ray diffrac­

tion techniques to be Ni02 • In addition, samples of the adherent green 

deposit which remained on the interior wall of the vessel in the vapor region 

were ::;uumltted for x-ray diffraction analyses. The presence of' NiJ:t'2 , NiO, and 

Zr02 was noted. 

Surface and subsurface millings were taken from the interior wall 

of the vessel in the region where the green deposit seemed thickest, 15-17 in. 

below the bottom of the slip-on flange, and submitted for additional chemical 

analyses. For comparison purposes, subsurface millings were also taken from 

the exterior vessel wall at the same elevation. The results·of the metal 

chemistry are shown in Fig. 16, and indicate an increase in chromium con­

centration ·in the millings near the surface of the interior' wall of the ves­

sel. No significant increase in sulfur in the vapor region of the fluorinator 

ove~ that quantity present in the base material was found. However, on 

specimens removed from the salt region of the Mark II fluorinator, which were 

later analyzed by Battelle Memorial Institute (BMI), an increase in the sulfur 

content of the interior wall specimens was noted. Figure 16 also shows these 

results. 

/ 



/ 

UNCLASSI FlED 
ORNL-LR-DWG 49159 

Fig. 16. Analyses of Millings-from.Mark II VPP L Nickel Fluorinator After Run L-9 
and Vessel Decontamination. · 
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3. Dimensional Analysis 

After decontamination and other cleanup operations, samples 
I 

were trepanned from the Mark II fluorinator and sent to BMI for dimensional 

analysis and metallographic examination. The location of these coupons is 

displayed in Fig. 17. In addition, a full-length section from D-E area, 

southeast quadrant, was removed and micrometer measurements taken at ORNL to 

plot a complete corrosion profile of wall-thickness loss. This plot is shown 

in Fig. 18 and incorporates BMI micrometer measurements on the trepanned 

samples .from the other quadrants of the fluorinator. For comparison, Vidi­

gage readings of the D-E area after runs L-4 and L-9 are also plotted in 

Fig. 18. The maximum wall-thickness losses found were in the salt region 

of Mark II fluorinator. In a region 40-43 in. below the bottom of the slip-
' 

on flange of the vessel, a wall-thickness loss of 82 mils was recorded. Fair 

correlation between the Vidigage readings and the micrometer measurements was 

noted. 

4. Metallographic Study 

A metallographic study was made on the trepanned samples from the 

Mark II fluorinator by personnel-of the BMI Corrosion Research Division. 41 At 

low magnification, 20X, the surfaces from the top vapor (T) sections showed a 

light etch and some Qutline of grain boundaries. The middle vapor region 

specimens (la and lb) were etched to a greater extent and were covered with a 

thin green crystalline deposit. Previous chemical analyses of this deposit 

-at ORNL indicated that the scale contained NiF 
2

, NiO, and Zr0
2

.. The vapor- , 

salt interface (2a and 2b) and· salt region specimens. (3a-and 3b) seemed to 

have been severely etched, and, in the latter, areas of intergranu~ar attack 

could be seen, 

Typical photomicrographs of sections from the Mark II fluorinator 

can be seen in Figs. 19 through 23. Intergranular attack was prevalent in all 

41 Letter Report from F. W. Fink, Battelle Memorial Institute, to 
R. P. Milford, ORNL Subcontract No. 988 (October 7, 1959), 
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Fig. 17. Location of Specimens Removed from the Mark.II VPP 
L Nickel Fluorinator for Dimensional Analysis and Metallographic Study .. 
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Fig. 19. Microstructure of Sample from Interior Surface of Mark II 
VPP Fluorinator 3 in. Below Slip-on Flange (Vapor Phase, Area A) 
Etchant: Nitric-acetic acid. lOOX. 
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Fig. 20. Microstructure of Sample from Interior Surface of Mark II 
VPP Fluorinator 19 in. Below Sl ip-on Flange (Vapor Phase, Area A). Etchant: 
Nitric-acetic acid. lOOX. 
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Fig. 21. Microstructure of Sample from Interior Surface of Mark II 
VPP Fluorinator 34 in. Below Slip-on Flange (Vapor-Salt Interface, Area A). 
Etchant: Nitric-acetic acid. lOOX. 
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Fig. 22. Microstructure of Sample from Interior Surface of Mark II 
VPP Fluorinator 42 in. Below Slip-on Flange (Salt Phase, Area C). 
Etchant: Nitric-acetic acid. lOOX. 
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Fig. 23. Microstructure of Sample from Interior Surface of Mark II 
VPP Fluorinator Approx 47 in. Below Slip-on Flange (Salt Phase, Area A) 
Vicinity of Girth Shell to Bottom Head Weld. Etchant: Nitric-acetic acid. 
100 x. 
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sections in all regions but penetration was deepest in the samples from the 

interface and salt regions . Maximum grain- boundary attack was found to be 

33 mils in the salt- phase sample A- 3b which was in the vicinity of the shell 

to head girth weld . 

Some slight variation in grain sizes was found in the metallo­

graphic samples . The largest grains were in the salt region of the fluori ­

nator. Table VIII summarizes the grain- size data in terms of average ASTM 

grain-size number. 

Table VIII. Summary of Grain Sizes in Samples Removed from the 
Mark II Volatility Pilot Plant L Nickel Fluorinatora 

Location 
(inches down from 
bottom of s lip-on 

f lange ) 

a 

3 

15 
19 

29 
34 

42 

Region 

Vapor 

Vapor 

Vapor 

Vapor-salt interface 

Vapor-salt interface 

Salt 

Salt 

ASTM grain­
size number 

3-5 

3-4 

3-4 

3-5 

3- 4 

~4 

Grain sizes from interior wall and exterior wall sample s 
were approximately equal. 

A pitting attack was found on the interior wall near Area C in 

the vapor region} about 3 in. down from the bottom of the slip- on f~ange . 

Figure 24 shows the appearance of the surface at 3XJ and Fig.25 shows a metal­

lographic section through this pitted area . The latter indicates a level of 

intergranular penetration simil ar to that found in other upper-vapor regions . 

The depth of intergranular attack did not appear to vary from top to bottom of 

the pits . 



- 60 -

Unclassified 
BMI N59673 

Fig. 24. Photograph of Sample from Interior Surface of Mark II VPP 
Fluorinator 3 in. Below Slip-on Flange (Vapor Phase, Area C) Showing 
Pitting-Type Attack. 3X. 
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Fig. 25. Microstructure of Sample from Interior Surface of Mark II 
VPP Fluorinator 3 in. Below Slip-on Flange (Vapor Phase, Area C) in Region 
of Pitting-Type Attack. Etchant: Nitric-acetic acid. lOOX. 
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In the salt region of Area C, a few small intergranular cracks 

were found on the interior of the vessel wall. A typical crack is shown in 

the unetched condition in Fig. 26 and in the etched condition in Fig. 22. 

Very pronounced darkening of the grain boundaries to approximate l y the same 

depth as the crack was evident after etching . 

Cross sections from the f l uorinator shel l longitudinal weld are 

shown in Fig. 27 (Sampl es B- T and A-3b) which depicts sections in the vapor 

and sal t phases, respectively . The weld joint from the sal t region shows 

what appears to be an increased attack at the we l d root. This confirms t he 

visual examinations of the Mark I I f l uorinator . Exami nat ion of the we l d from 

the salt section at high magnification reveal ed pronounced grain- boundary 

darkening after etching to a maximum depth of 10 mils. Simil ar, deeper grain­

boundary darkening occurred in the base metal adjacent to the we l d metal , 

extending to a maximum depth of 33 mi l s. 

The exterior of the vesse l displ ayed a corrosive attack which 

appeared to be intergranul ar in nature. Penetration varied from l-6 mi l s, the 

maximum occurring at or be l ow t he vapor- sal t interface (Fig . 28, Sampl e A- 3b ) . 

However, there was one exception to this pattern . A gr ain-boundary penet ration 

of approx 12 mi l s in depth was found on the exterior surface opposite the 

pitted region in the vapor near Area C. 

5. Summary of Corrosive Attack 

Tabl e IX summarizes the corrosion l osses of all types found in 

the three major regions of the Mark II VPP L nicke l fluorinator . The maximum 

att ack was calcul ated to be 60 mi l s/month based on exposure t o mol ten sal ts 

during the VPP "E" runs (l-6 ) a nd "L" runs (l-9) or l.l mi l s/hr based on 

f l uor ine sparge time during f l uorinat i on of mol ten sal ts . The maximum attack 

occurred in the sal t region . 

D. Discussion of Resul ts 

The Mark II VPP L nicke l fluorinator displ ayed a maximum corrosion 

attack during the described VPP runs of l.l mi l s/hr, based on F
2 

sparge time 

during f l uorination, ·or 60 mi l s/month, based on mo l ten- sal t residence time 
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Unclassified 
BMI eGGS 

Fig. 26 . Photomicrograph of Sample from Interior Surface of Mark II VPP 
Fluorinator 42 in. Below Slip-on Flange (Salt Phase) Area C) Showing Crack 
Easily Visible Before Sectioning. As-polished. lOOX. 
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Unclassified 
\ BMI N59674 

Fig. 27. Photomacrographs of Longitudinal Weld Sections Through Wall of 
Mark II .VPP Fluorinator (a) From Vapor Phase 3 in. Below Slip-on Flange, \b) From 
Salt Phase 47 in. Below Slip-on Flange. Etchant: Nitric-acetic · acid. 5X. 
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Fig. 28. Microstructure of Sample from Exterior Surface of Mark II 
VPP Fluorinator Approx 47 in. Below Slip-on Flange (Salt Phase, Area A) 
Showing Result of Air Oxidation. Etchant: NiLric-1::1.cetic acid. lOOX. 



Table IX. Summary of Corrosive Attack in Each Major Region of the Mark II 
Volatility Pilot Plant L Nicke l Fluorinator 

Location Inter granular Total losses converted 

Elevation 
Wall 

Penetration Total to mils/unit timeb 

(inches below 
Thickness Interior Exterior Corrosive mils/monthc mils/hrd 

slip-on less 
a 

wall wall attack (molten salt (F2 sparge 
flange) Quadrant Region (mils) (mils) (mils) (mils) time) time) 

3 s.w. Vapor 4 3 1 8 5 0.1 

15 s.w. Vapor 22 7 4 33 20 0 . 4 

19 s.w. Vapor 25 8 3 36 22 0 . 4 

29 s.w. Vapor-salt 20 8 2 30 18 0.3 
interface 

29 N.W. Vapor-salt 28 9 2 39 23 0.4 
interface 

34 s.w. Vapor-salt 53 16 6 75 45 0.8 
interface 

42 s.w. Salt 59 14 4 77 46 0.8 

42 N.W. Salt 52 16 l 69 41 0.75 

42 N.E. Salt 62 16 2 100 60 l.l 

47 s.w. Salt 45 33 6 84 50 0.9 

47 N.W. Salt 52 16 1 69 41 0.75 

47 N.E. Salt 64 23 3 90 54 1.0 

aBy micrometer measurement. 

bincludes exterior intergranular penetration. 

cBased on molten salt residence time during VPP E(l-6) runs and L(l-9 ) runs. 

~ased on fluorine sparge ~ime during fluorination of molten salts. 

0\ 
0\ 
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during VPP "E" runs ( l-6) and "L" runs ( 1...:.9) . Maximum attack occurred in the 

salt-phase region of this vessel whereas the first VPP fluorinator experienced 

maximum losses in the vapor-phase region. The rates of attack for both vessels 

WP.re of the same orders of magnitude. The corrosive attack in the Mark II 

fluorinator, as was the case for the' Mark I vessel, can be categorized into 

bulk metal losses from the interior wall of the vessel and intergranular at­

tack on both the interior and exterior walls of the unit. 

l. Interior Bulk Losses 

Bulk metal losses are believed to be the result of continuous loss 

and reformation of "protective" NiF
2 

films on the interior wall of the Mark II 

fluorinator. As discusse~ in Section I, the nickel fluoride films formed on 

the walls of the volatility fluorinators during conditioning and fluorination 

operations could be removed by three and possibly four methods. These are: 

removal (l) by rupturing or spalling, (2) by a fluxing action of the fluoride 

salt baths, (3) by a washing action of the melts, and (4) by dissolution in 

certain highly corrosive liquids condensable in the cooler regions of the 

vessel. 

Maximum losses occurred in the salt region of the Mark II vessel 

which seems to indicate that the fluxing action of the fluoride baths was the 
• 

predominant method of removing the protective films from the walls of the 

fluorinator. The high vapor regions losses described for the first VPP 

fluorinator were partially attributed to the presence of corrosive liquids 

which condensed in the cooler regions of that vessel and some discussion of 

whether similar liquids were present in the second veflsel seems in order. 

Evidence of the presence of these condensable liquids in the 

middle vapor regions of both vessels were (l) the tenacious wall deposits, 

(2) the segregation of chromium in surface and subsurface layers, and 

(3) the bulk metal loss maxima. However, the bulk metal loss maximum in the 

cecond vessel occurred a few inches below that of the initial fluorinator. 

One major dissimilarity found was the lack of uranium segregation 

in the vapor phase of the Mark II vessel which was in contrast to the behavior 

of the first fluorinator.· This latter fact may suggest· the reason for the 
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lesser middle vapor region attack in the second 'fluorinator when compared with 

the first vess~l. Perhaps the additional operating experience of the VPP 

personnel plus the modifications in the v:essel' s i:q.terior plumbing and ex-. 

terior appendages_ permitted UF4 to remain in the salt baths until more or 

less complete oxidation to volatile UF 6 had occurred. 

The wall-thickness-loss prqfile of the Mark II ~luorinator shows 

an additional, smaller, maximum at a point 25 in. below the. bottom of th~ 

slip-on flange. This additional peak in the upper interface region is 
believed to have been induced by low operational te~peratures a few inches 

below the 25-in. level. There was no direct method of heat at 28 in. below 

the bottom of the slip-:on flange. .This region was between the furnace 

windings used to heat the salt region and the rod-type heating elements used 
' . -

I 
to heat the vapor reg~on. In addition, the furnace seal was present at this 

yoint, resulting in a built-in heat sink. Thus, the ·corrosion profile curve 

probably would.have continued 'in a smooth curve from the 25-in. elevation on 

down toward the salt region except for this low-temperature region cited. A 

similar lqw-corrosion area was found in the wall of the Mark I fluorinator 

at approximately the same elevation. 
~- . 

~ .,·, 
The corrosion losses found in the salt region of the Mark II 

fluorinator were the maximum found i:b. the 'sys:t;em arid on the or-der of twice 

that noted.for the first. fluorinator in the same region. Two reasons are 

p:r:oposed for the higher salt-phase losses i:q. the second fluorinator. First, 

the fluoride salt baths in contact with the lower regions of the second 

fluorinator contained ·uranium for a period approx 67% longer than for the 

·first fluorinator. As will be described in a later section, the presence of 

uranium in fused fluoride salt systems during bench- scale vol.atili ty cor­

rosion studies has enhanced corrosive attack. Second, although the total 

quantity of fluorine sparged du~ing Mark II was only slightly higher than 

that used during operations with the Mark I vessel, the total time of fluori­

nation for the Mark II vessel was approx 50% longer than for the first 

fluoririator. Since in both cases an average of 3:1 excess fluorine over that 
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quantity necessary for theoretical reaction \vas used, fluorine probably had 

opportunity to remain in the salt longer during Mark II operations. This 

would ·allow the corrodent a longer period of time to attack the fluorinator 

wall. 

2. Interior Intergranular Penetration 

Upon etching samples removed from the wall of the Mark II fluori­

no.tor, the grain boundarj_es appear heavily darkened to various depths. In 

the vapor region, a maximum depth of 8· mils penetration was noted. The vapor­

salt interface region showed a maximum of 16 mils while the salt region dis­

played penetration proceeding to a maximum depth of 33 mils. 

Suspecting that the intergranular attack might be the result of 

sulfur contamination, personnel at BMI attempted two tests to make positive 

identification of the grain-boundary deposits. The sulfur-print teclulique, 

where"~?y acidified photographic paper is pressed against the metal surface, 

was used. Sulfides could not be detected using this method. Next, the re­

action of a solution of lead nitrate and nitric acid upon constituents at 

the grain boundaries was observed under the microscope. The precipitate 

formed appeared to be similar to but weaker than that observed on a nickel 

tube known to be grossly contaminated with sulfur. Battelle Memorial Institute 

also indicated that the structll"r.es observed at the grain boundaries resemble 

those found jn L nickel rods tested and studied at ORNL. 42 

A section from the Mark II fluorinator wall which had been ex­

posed to the salt phase was analyzed for sulfur content at several depths 

by BMI personnel, (Fig. 24). Twice the weight percent of sulfur was found 

in the interior wall at an 0 to 5-mil depth as that found at the same depth 

on the exterior wall, 240 vs 120 ppm. Sulfur analyses conducted at ORNL on 

wall material removed from various depths in the middle vapor region of the 

vesseX (Fig. 16) did not disclose any increase in sulfur content on subsurface 

interior samples when compared to subsurface exterior samples, 20 vs 40 ppm. 

Unfortunately, the poor correlation obtained on sulfur analyses 

from BMI and ORNL on exterior wall samples plus the weak case for sulfur 

42 
L. R. Trotter and E. E. Hoffman, Progress Report on Volatility Pilot 

Plant Corrosion Problems to April 21, 1957, ORNL-2495, p~ 22, 26, 29 
(September 30, 1958). 
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contamination presented by other test methods dilutes.any blanket statement 

which could be made regarding the role that sulfur played in the interior 

intergranular attack of the Mark II fluorinator. However, the serious 

embrittling and potential corrosive effects of sulfur in contact with nickel 

at high temperatures are ·definite and known facts. Therefore, sulfur con­

tamination should be stringently avoided in any of the VPP's nickel process 

equipment. 

3. Exterior Intergranular Attack 

The exterior of the Mark II fluorinator shell also underwent 

intergranular attack. This was noted.by BMI- personn~l'in their examination 

of samples removed from the vessel. The general depth of the attack, -l-6 mils, 

was of the same order as that reported for the first VPP fluorination vessel. 

In the analyses of scale from the exterior wall of the Mark·II, Ni0
2 

was 

found indicating that the exte·rior intergranular attack on the second fluori­

nator was due to air oxidation. 

4. Grain-Size Variations 

· ... · Grain sizes found in samples removed from the wall of the Mark I. 

-fluorinator varied from an average ASTM number of 5-6 to > l. The large sizes 

occurred exclusively in the vapor region of the vessel. The second VPP 

fluorinator showed a different grain-size pattern .. Average ASTM grain-size 

numbers in this vessel varied from 3-5 to 2-4, the largest occurring in the 

salt region. 

Although the second fluorinator was fabricated from·the same 

~eat of L nickel and in a similar manner as the first vessel, initial thermal 
. -' 

.conditions were quite different in the ~espective vapor regions. Initial 

heatup for the Mark I was P,one without the benefit of an external heat source 

in .the vapor region while the Mark II had rod-type heating elements with a 

total rating of 9 kw attached to the upper half of· tne vessel. Heavy re­

frac~ory insulation covered the rod-type elements •. 

From a classical metallurgical viewpoint, it appears that many 

more nucleation sites were present in the vapor region of 'the second fluorinato· 
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as the result of the initial rapid heatup and more or less incomplete 

recovery when compared with the first vessel. The many sites affected the 

production of many grains in constant volume which could only result in com­

paratively smaller grain sizes. 

The somewhat larger grain sizes found in the salt region of the 

Mark II fluorinator when compared to the same region of the first vessel and 

to the resulting grain sizes noted in the vapor region of the·Mark II seem 

to be the result of some coalescence during operations. It will be recalled 

that the first fluorinator was at 600-725°C for approx 1250 hr while the 

second vessel was at about the same temperature range for over 1900 lu·. 

The specific effect of grain size on corrosion in the fluori­

nation system has been reported i~ Section I as being conjectural. However, 

maximum bulk lo~::ses on the walls of both fluorinators occurred at locations 

where'the largest grain sizes predominated. As such, the production and 

·stabilization of small grain sizes in nickel fluorination vessels seem a 

reasonable precaution. Open annealing cycles for L nickel to ensure small 

grain sizes have been reported. 43 

E. Corrosion of Internal Components from the Mark II VPP Fluorinator 

,.. Several internal components of the Mark II fluorinator have been 
.;•, exl'lmj_ned and an evaluation of the corrosive attack on these parts made -by per­

sonnel ur the Corrosion Recearch Division, BMI. (ref 44 ) Figure 3 shows the 

location of most of these components with respect to the top flange of the 

fluorinator. Of particular interest are the draft tubes and fluorine inlet 

tubes which, by virtue of their position in the system, were subjected to 

initial contact by fluorine, and could be expected to sustain the greatest 

corrosive attack. Two draft t~bes, Mark IIA and Mark IIB, were used in the 

Mark II fluorinator during Phase I and Phase II of the fluorinator's lifetime, 

(Table VI). The draft tubes were fabricated at ORNL f'rom A nickel. Results 

43"Annealing of Nickel, Monel, and Inconel," Tech. Bull. 'l'-20, The 
International Nickel Company, Inc., New York, April, 1953. 

44 Letter Report from F. W. Fink, Battelle Memorial Institute, to 
R~ P. Milford, ORNL Subcontract No. 988 (October 7, 1959). 

'-
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of t?~ examinations of the draft tubes a:hq. fluorine inlet 'lines are schemati­

cally displayed in Figs •. 29 and 30 and show the configuration-details of the 

assemblies. Supporting photomicrographs are presented ln Figs. 31 and 32. 
. ' 

Considerable metal loss was found on the Mark IIA draft tube, but 

little v~sib~e intergranular attack was noted. Conversely, the Mark IIB 

draft tube showed little dimensional change but a rather deep intergranular 

. attack. The etching characteris'tics and general microscopic appearance were 

also quite .diff~rent. While the Mark IIB tube etched normally for nickel 

using a nitric-.acetic acid mixture, the other draft tube did not, -and it was 

necessary for ·BMI personnel to _use an HC1-HN0
3 

(3:1) etch, which they commonly 

u~e for I~conel to develop grain-boundary detail. However, spectrographic 

·analysis at BMI showed the Mark IIB draft tube construction material to be A 
. 44 

nickel. 

The maximum bulk metal-loss on the Mark IIA draft tube by ~icrometer 

average measurement was 77 mils and occurred riear the upper supp~rt 'ptate of 

the assembly. Comparison of the measured -outside diameter of the tube with 

the original diameter indicated that most of the metal loss occurred on the.· 

outer surfaces of the unit. Micrometer measurements on the Mark IIB draft 

tube showed maximum buik losses of only 6 mils but a maximum-total inter­

granular penetration on both.the inter-ior and exterior wall ofl29 mils. The 

fluorine inlet lines associated with the Mark IIB draft tube assembly showed 

similar corrosive behavior Yfhen compared to the draft tube bodies. However, 

the Mark IIA fluorine inlet line shoved a much more-severe intergranular at­

tack on the inside of the pipe when compared with the outside._ . 

A high-probe line and a thermocouple well, both made from 3/8-in. 

sched-40 A nickel, were inspected aiso by BMI personnel for corrosive attac~. 

Both components operated at temperatures essentially the same as those of the 

fluorinator wall. The high-probe line was a high-pressure liquid level and 

density.;.probe combination which extended from the top flange of the fluori­

nator bene.ath the molten salt level. The line was open at the bottom to 

allow contact with the fused fluoride. salt baths, but pressurized nitrogen, 

inside the tube, for the most part prevented the salts from entering the tube. 
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Scale: Approximately 1/2 size 

Unclassified 
BMI A32545 

F2 inlet,li2 in., Schedual 40 ·~· Nickel 
pipe (wall thickness= 109mils, 00= 
840mils} 

Upper-sup~rt-plate fin 
· (125-mil ·~ Nickel sheet) 

Draft tube, 4-in., Schedule 
40 ·~· Nickel pipe 
(wall thickness= 237 mils} 

Lower-support-plate fin 

125-mii,"A.' Nickel sheet 

Fig. 29. Corrosion Losses on the Mark IIA Draft Tube and Fluorine 
Inlet ·f:rom the Mark II VPP Fluorinator. Considerable metal loss has 
occurred at all areas but most of the intergranularly attacked grains 
appear to have sloughed off. 1 
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Scale: cipproximatel.y 
il2size 

Draft tube, 3in. Schedule 40 ''A" 
------Nickel pipe (w~ll thicknes=2i6 mils) 
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Lower-support-plate fin " 
(125-mil"~.' Nickel sheet) 

·II 
Fig. 30. I .• ' Corrosion Losses on the Mark IIB Draft Tu~ and Fluorine 

Inlet from the 
in the case of 
was noted. 

Mark II VPP Fluorinator. Me-tal lpss WalE not as severe as 
the Mark IIA assembly and more int~gra~~lar penetration 

• 

., 
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Unclassi f ied 
BMI C675 

,/ 

Unclas s i fi ed 
BMI C673 

/ 

/ 

\ / • 

! 
' 

. I 

f 
{ I 

Unclassified · 
BMI C674 

' i 

I , 

Unclassified 
BMI G672 

, . I " 
~ I 

' / 

Fig. ~l. Microstructures of Samples from A Nickel Draft Tubes Used 
in Mark II VPP Fluorinator. (a) and (b) exterior and interior surf aces 
of Mark IIA draft tube at Section 2lB; (c) and (d) exterior and interior 
surfaces of Mark IIB draft tube at Section llF. Etchants: (a) and (b) 
Hydrochloric-nitric acid) (c) and (d) Nitric-acetic acid. lOOX. 
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Unclassified 
BMI C676 

. ·. (a) .. 

Unclassified Unclassified 
... ~ C677 BMI C67~ 

.. 
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. ·1. ,, 
. ~ . ·. 

···· t 
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(b) 

. I 

. . . 

. ! 

Fig. 32. Microstructures of Cross Sections Through A Nickel Fluorine 
Inlet Tubes from (a) Mark IIA Draft Tube (b) Mark IIB Draft Tube. 
Etchants: Nitric-acetic acid. 70X. 
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The th~rmocouple well was positioned in a similar manner to that described 

for the probe line but the end was sealed with an A nickel plug. Table X 

cites the corrosive losses found on the high-probe line and thermowell as 

well as giving more detail on the losses found in the fluorine inlet lines. 

The internal components from the Mark II VPP fluorinator sustained 

total corrosion losses comparable to the walls of the fluorination vessel. 

No increased attack was noted on the fluorine inlet lines or on the draft 

tube bodies as the result of the proximity to elemental fluorine during 

operations. 

Of interest is the indication of nruch more corrosive conditions 

pre?ent during the L-1 through L-4 runs wheri compared to E-3 through E-6 or 
,,r .,..• ' 

L-5 through L-9 runs. Extended times of service at high temperatures for 

the early "L" runs may ex:glain these differences. Corrosion control speci­

mens of L nickel in place during the run groups mentioned, and reported in 

Section IV, corroborate the variable ·corrosive behavior present during these 

different operation groups.· 

III. Bench-Scale Fluorination Corrosion Studies 

The Volatility Studies Group, Chemical Development Section A of the 

Chemical Technology Division, has continued to study process chemistry in 

connection with the volatility process since their early work indicated the 

latter's feasibility. These studies have included the gathering of corrosion 

data from small-scale experiments. 

As stated in Section I, nickel-base alloys have shown superior cor­

rosion resis'tance to fused fluoride salts under dynamic flow conditions, 

and nickel and nickel-base alloys exhibit generally good resistance to ele­

mental fluorine and UF
6

• In this connection, commercial purity nickel and 

Inconel have been the primary materials of construction for facilities using 

the individual corrodents mentioned above, ExtP-nsive studies at ORNL on 

Inconel in contact with fused fluoride salts have shown that appreciable 

quantities of chromium were removed through reaction with UF4 and other 



'· 

Table X. · Measurements of the JJ;igh::.Probe Line, Thermocouple Well, and Fluorine-Inlet Tubes 
From the Mark II· Volatility Pilqt Plant Fluorinatora · 

Specimen 

High-Probe Line 
LE-2b 

lF 

Thermocouple 
4F 
5F 
6F 
6F(.:reld) 

Distance from 
Bottom 

of slip-on 
Exposure Flange (in.) 

.Vapor. 
Interface 

Liquid 
Liquid 
Liquid 

Vapor 
Interface 

Liquid 
Liquid 

18 
32 
·48.5 
49 
50.5 

18 
32 
49.5 
50.5 

Fluor.ine-Inlet Tub~ 
Mark IIBc 

7F. 
'8F 
9F 

lOF 
l2F 

Fluorine-Inlet 
Mark IIAc 

5A 
5B 
5C 

Vapor 
Interface 

Liquid 
Liquid 
Liquid 

Tube 

Liquid 
Liquid 
Liquid 

· Liquid · 

Nominal 
Outside Diamd 

(mils) 
Maximum Minimum 

756 
751 
776 
789 

673 
667 
663 

676 
677 
666 

841 
826 
829 
831 
825 

756 
751 
776 
789 

Inter granular. 
Penetratione 

(mils) 
Inside Outside 

4 
3 
4 
1 
9 

4 
4 
4 

.1 

,4 
9 

10 
7 

12 

16 
20 
14 
7 

4 
10 
12 

9 
12 

'4 
13 
13 

6 

6 
12 
15 
11 
ll 

3 
3 
3 

. 5 

Wa;Ll 
Thickness 
lossesf 

(mils·) 

3 
7 
5 

l 
3 
0 

l 
8 
3 
7 
5. 

44 
48 
46 
30 

·Total· 
Corrosion 

(mils) 

11 
20 
21' 

9 
20 
17 

ll 
29 
28 
25 
28' 

63 
71 
63 
42 

aLetter Report from F. /W. Fink, BMI, to R. P. Milford, ORNL Subcontract No. 988 (October 7, 1959). 
bconstructed from 3/8 in.-~ched-40 nickel pipe; nominal o.d., 675 mils, nominal wall thicknes~ 91 mils~ 
cconstructed from 1/2 in.-s~-40 nickel pipe; nominal o.d., 84o mils, nominal wall thickness, 109 mils. 
dBased on micrometer measurements. 
eB~sed on optical microscopic measurements. 
fBased on optical microscopic measurements and subtracted from nominal original wail thicknesses. 
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oxidizing impuri tie~ .. 45 The chromium removal was accompanied by the forma­

tion of subsurface.voids in the metal. Substitutions of molybdenum in an 

approximate ratio of 2:1 (Mo:Cr) for about half of the chromium content in a 

typical chromium-containing alloy, plus other modifications, provide an alloy, 

INOR 8, which has exhibited no measurable attack when in contact with molten 

fluoride salts at temperatures up to approx 700°C. Also, INOR 8 has been used 

as the material of construction for the VPP Dissolver-Hydrofluorinator, the 

major vessel for the head-end cycle of the Volatility Program. 

For these reasons, a 2-in.-diam Inconel fluorinator, ten 1-in.-diam 

A nickel fluorinators, and four 1-in.-diam INOR 8 fluorinators were tested 

and subsequently examined for comparative corrosion behavior. 

A. Inconel Fluorinator 

1. Test Method 

The Inconel fluorinator was used in hot-cell studies and was 

fabricated from 0.065-in. stock at ORNL. Prior to the exposure detailed ln 

. Table XI, fluorine flowed into the fluorinator as it was. raised from ambient 

4 

Table XI. Exposure Conditions for the Inconel Fluorinator Vessel 

Temperature, nc 

Time of exposure at temperature, 
hr with salt molten 

Thermal cycles 

Fused salt, nominal mole % 

Fluorine input,' standard litersa 

~ranium irrH.dia.ted, not enriched .. 

6oo-8oo 

187 

70 

NaF-ZrF4-UF4 
(48-48-4)a 

294 in 49 hr 

JW. D. Manly et al., "Metallurgical Problems in Molten Fluoride Systems," 
Progress in Nuclear Energy, Series IV, Vol 2 - Technology, Engineering, and 
Safety, pp.16Ii=179, Pergamon Press, London, 1960. 
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room temperature to operating temperature. This was done for leak-testing. 

purposes al~hough, at the same time, the interior vessel walls were probably 

"conditioned" by producing films of fluorides. The total time involved for 

this testing-conditioningtreatmFnt was about 2 hr. 

After exposure operations; areas from the vessel were selected for 

micrometer measurements and metallographic examination. Figure 33 shows a 

cross section of the ves·sel and -the location. of the sample areas removed for 

st~dy. A summary of corrosive attack found is shown in Table XII where total 

losses are reported in mils per hour, based on fluori~e sparge time, and mils, 

per month, based on residence time in molten salts. Representative photo­

micrographs are groupe~ in Fig,. 34. 

2. Discussion of Results 

Maximum corrosive attack in the Inconel fluorinator was encoun­

tered at the vapor-salt interfac~ and occurred at a.rate of 0.24 ~ils/h+, based 

on fluorine sparge time, or 48 mils/mo~th, based on·molten-salt residence time. 

Intergranular penetr~tion seemed the predominant mode of attack in the salt 

and vapor regions but no evidenc·e -of intergranular- corrosion· was found at the 

vapor-salt interface. 

In this connection, the intergranular pen~tration seemed dis­

similar to that found on the .. interior walls of-the vPP. fluorinators. That i-s, 

on the Inconel vessel there was evidence of the sloughing of whole grains of 

material, a condition not observed on the full-size L nickel vess_els. The 

depth Qf the intergranular penetration on the Inconel vessel was only a single 

grain deep. The VPP fluorinators demonstrated·intergranular modifications 

many grains in depth on samples removed from corresponding service regions con­

taining similar grain-size material. 

In the· Inconel berich fluorinator, it appears that after inter­

granular penetration had propeeded to about one grain. in depth, many of the 

aff~cted grains could not be retained in position by the remainder of the 

grain-boundary-material and sloughed off~ leaving new material ready for cor­

rosive attack. This method of metal loss would seem ~evastating to the vessel 
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-Table XII. Summary of Maximum Corrosi·on Results o:,:-1· Chemical Development's 
Inconel·Fluorinator 

Inter granular Losses Converted to 
Estimated . , ·Wall Penetr!'ition Mils Unit Time 

Speci- Wall Thickness Int-erior Exterior· Total mils hr 
men 
No .. 

12 

10 

4 

2 

l 

. Specimen Temp Loss wall wall Corrosion 
'Location . ( oc) . a 

(~ils) (mils) (~ils) (mils) 

top vapor 100 3 3 
upper vapor 250 3 3 5 ll 

lower vapor 500 8 2 10 

.vapor-salt 600-800 '12 12 
interface 

salt 600-800 9 2 ll 

a . 
Four micrometer measurements taken i~ each area .. 

. b 
Does not include the exterior attack fou'nd on· the vessel wall. 

.. : -··. 

,\ 

(F 2. sparge 
time) 

12 0.06 

24b 0.12 

40 0.20 ... 
48 0.24 

44 0.22 

,-

CP 
fD 
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SALI AREA 

UNCLASSIFIED 
ORN L-LR- DWG 32069 

Y-26550 
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SALT-VAPOR INTERFACE 

Fig. 34. Typical Microstructures of Samples Removed from Chemical 
Development Inconel Fluorinator. Etchant: Glyceria regia. 250X. 
Reduced 32% . 
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in service, but the anomaly of the situation is that maximum wall-thickness 

losses occurred in the Inconel vessel at the vapor-salt interface and at that 

point no evidence of intergranular attack could be found. 

No explanation can be given for the interior wall interface 

anomaly described nor can one be given for the heavy exterior intergranular 

attack which has localized in a cooler region of this Inconel fluorinator 

(see Fig. 34) . 

B. A Nickel Fluorinators 

l. Test Method 

In addition to the Inconel fluorinator reported upon in 

Section IIIA, ten A nickel miniature fluorination vessels, each 1-in.-o.d. 

and 0 . 035-in. - wall thickness, have been opera~en hy the Volatility Studies 

Group, Chemical Development Section A, in order to compare fluorinator cor­

rosion using different process f l owsheets. Figure 35 shows the units in test 

po-sition, while Table XIII is a summary of the imposed test conditions. 

The vessels, in all cases, were charged with 75 g of fluoride 

salt that had been ground and classified to - 8 +20 mesh. The vessels were 

then placed in split tube-type furnaces and brought to the specified tempera­

ture under a nitrogen purge of 0.05 liters/min. At temperature, the nitrogen 

was bypassed and fluorine was all owed to bubble through the salt at the same 

flow rate. In those cases where uranium was added to the melt, 0.50 g 

increments of UF
4 

were added at intervals of l hr or more. As shown, some 

reactors were placed in series both for convenience and to minimize the 

fluorine consumption. The total elemental fluorine exposure in each case was 

50 hr at a rate of 0.05 liters/min. During these 50-hr exposures on test re­

actors Nos. 5, 6, and 10, twenty-five UF4 additions and UF
6 

volatilizations 

were made. 

In a ll tests, the salts were kept molten for over 200 hr while 

under a nitrogen purge . This was done to faci litate the test procedure, that 

is, avoid remelting salts for the next fluorine test period. .Figures 36 and 37 

illustrate the corrosion results . obtained by micrometer measurements and 
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Table XIII. Process Conditions for A Nickel Bench-Scale 
Test Fluorinators 

Hr of Molten Hr of Molten 
Vessel Fluoride Temperature Salt Exposure Salt Exposure Position in 

No. Salt 

l * 
4 * 
7 * 
8 * 
2 * 
5 2 + o. 5% u 

9 ** 
10 3 + 0.5% u 

3 *** 
6 l + 0.5% u 

(oc) 

450 

525 
525 

525 
600 

600 

525 
525 
600 
600 

With N2 Sparging With F2 Sparging Test Series 

222 

238 
240 

240 

222 

238 
240 

240 
222 

238 

50 
50 

50 
50 

50 

50 

50 
50 
50 
50 

l 

l 

l 

2 

2 

2 

3 

l 

3 
l 

*26-37-37 mole % LiF-NaF-ZrF4: Composition 31, plus LiF addition. 

**31-24-45 mole % LiF-NaF-ZrF4: Composition 31, plus LiF and ZrF4 additions. 

***5o-50 mole % NaF-ZrF4: Composition 31, as received. 
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0.5'7. 
u 

I 600 
+ 

- 0.5'7. 
u 

0 0.025 0.050 0.075 0.1 

LEGEND 

V- VAPOR 
I -VAPOR SALT INTERFACE 
S- SALT 

J::;;::.:::~:::.:_;::,j -METAL LOSS/MICROMETER MEASUREMENT 

-INTERGRANULAR ATTACK/METALLOGRAPHIC EXAM. 

0.125 0.150 0.175 0.2 0.225 ' 0.250 

miiS/hr 
(BASED ON FLUORINE EXPOSURE TIME) 

0.275 

Ftg. 37. Summary of Corrosion,onA Nickel Miniature Fluorinat9rs Using Different 
Process Flowsheets. 

0.3 

CP 
CP 



- 89 -

metallographic examinations of specimens removed from the vessels. The losses 

are .reported both in mils per hour of fluorine sparge and mils per month based 

on total residence time in molten salts for comparison with other studies. 

Figures 38 through 42 show representative photomicrographs from this test 

series. 

2. Discussion of Results 

The A nickel fluorinators showed widely varying corrosion rate~ 

as anticipated in planning this test series. 

Comparison of the results on test vessel No . 6 w.ith those of 

vessel No . 3 indicated that uranium additions to equimolar NaF-ZrF4 resulted 

in increased corrosion occurring as intergranular attack at the vapor-salt 

interface. A rate of 0.1 mils/hr based on fluorine sparge time was noted at 

the interface of No. 6 . 

Comparison of vessel No. 2 with vessel No. 3 indicated that the 

addition of 26 mole up of LiF caused increased attack at the vapor-salt inter­

face, .. as evidenced by bulk metal losses. Upon metallographic examination, no 

-evidence of intergranular attack was found in either vessel. 

The addition of uranium to the LiF-NaF-ZrF4 (26-37-37 mole %) 
salt in vessel No. 5 resulted in significantly increased metal losses plus 

intergranular attack at the vapor-salt interface. Additional intergranular 

attack was noted in the vapor phase of this vessel. 

Lowering the temperature of the reactor containing the same 

LiF-bearing salt, LiF-NaF-ZrF4 (26-37-37 mole up), to 525°C produced erratic 

corrosion results. Two of the vessels, Nos. 4 and 7, showed uniform, compara­

tively small metal losses in all regions while vessel No. 8 showed an increased 

attack, especially at the vapor-salt interface. Intergranular attack was also 

exhibited by vessel No. 8 . As shown in Table XIII,vessel No. 8 was in a down­

stream position from vessels Nos. 4 and 7, and the deviation in behavior may, 

therefore, have been the result of carry-over and collection of certain <..:on­

stituents conducive to greater corrosive attack. 
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Lowering the process temperature to 450°C and utilizing the same 

lithium-bearing.salt (No. 2) reduced corr.osive attack to the lowest levels 

found in this test series. These results were provided by vessel No. 1 where 

the approximate losses were 0.02 mil/hr, based on fluorine sparge time. This 

is especially significant since lithium-sodium-zirconium fluoride salt mix­

tures can be used in the volatility process at lower operating temperatures 

than the NaF-ZrF4 composite system because of the lower liquidus line of the 

li thium-·bearing system. 

Tests Nos. 10 and 9 at 525°C .used higher LiF- and ZrF4-content 

salts, 31-24-45 mole % LiF-NaF-ZrF4, with and withou~ uranium, respectively. 

Vessel No. 9 showed slightly increased attack over vessels Nos. 4 and 7 which 

were operated at the same temperature. Metallographic examination of 

vessel No. 10 revealed that intergranular penetration was present in all 

phases of the interior wall. 

The A nickel miniature fluorinators demonstrated generally lower 

rates of corrosive attack in simulated fluorination environments when compared 

to the full-::;iz.ed L nickel vessels or the latter's A nickel internal components 

which were exposed to pilot plant fluorination conditions. The following three 

reasons c;an probably account for most of this deviation: (1) the temperatures 

of fluorination generally were somewhat lower in the bench-scale work than 

during pilot plant operations; (2)· somewhat better control over thermal cycling 

and other p:r·oce::;::; conditions was obtained during bench-scale work; (3) the 

feed salts used in the pilot plant work were contaminated by having been 1 used 

in previous loop studies, the ARE, or having been contained for long periods 

of time in the pilot plant type 347 stainless steel. charge melt tank. 

The A nickel miniatures also demonstrated greater resistance to 

corrosive attack during fluorination than the Inconel vessel used in Chem~cal 

Development hot-cell studies. 

C. INOR-8 Fluorinators 

1. Test Method 

}t'our I:NOR-8 test fluorination vessels, each 1-in.-o.d. and 

0.065-in.-wall thickness, and of similar design to the A nickel reactors 
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·reported in Section IIIB were also fabricated at .ORNL for bench-scale 

volatility corrosion studies. The -composi t_ion of INOR-8 used in test fluori­

nators was 74.·5 wt% Ni-15.3 wt% Mo-6.5 wt% C!l-3.7 wt% Fe-0.02 wt %. C. 

A summ~ry of the test conditions for the INOR-8 miniature fluori­

nators, as shown in ~able XIV, indicates that only vessel No. 3 contained 

Table XIV. Process Conditions f9r INOR-8 Bench-peale 
Test Fluorinators 

·Hr of Mol ten Hr of Molten 
Vessel 

No. 
Fluuride 

Salt 
Temperature Salt Exposure Salt Exposure Position in 

(oc) ~ith N2 Sparging With F2 Spa~ging_Tes~ Series 

1 * 450- 236 50 1 

2 ** 600 236 50 2 

3 2 + o. 5% u 450 290 50 •1 

4 *·. 600 290 59 1 

*26-37_.:.37 mole% LiF-NaF-ZrF4 : From addition of LiF to Composition 31 
salt. 

**50--50 mole % NaF-ZrF4: Composition 31, .as received. 

uranium. Vessel No •. 3 received 25 UF4 additions which were subsequently 

.fluorinated to w6 in like manner as the A nick~l miniatures previously re­

ported. Figures 43 and 44 illustrate the corrosion losses obtained by microm­

eter measurements and.me:tallographic examinations on specimens removed from 

the walls of the vessel. The losses have beeu converted to mils lost per 
' 

unit time f_or comparison purposes. Ffgures 45 through 48 show typical etched 

.microstructures found in the INOR-8 fluorinator specimens. 

2. Discussion of Results 

The INOR-8 test fluorinators showed a variety of corrosion mani­

festations depending on the test conditions. Considering the two vessels which 

operated at 690°C, vessel No. 2,- _which contained equimolar NaF-ZrF4, showed 

less attack than vessel No. 4, which contained LiF~NaF:...zrF4 (26-37-37 mole·%). 
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Maximum attack in the latter vessel occurred at the vapor-salt interface at 

a rate of 30 mils/month, based on residence time in the molten salts. This 

was the maximum attack rate for the entire INOR-8 series. 

Reducing the operating temperature to 450°C and using the same 

lithium-bearing salt significantly reduced attack as indicated for vessel No. 1 

(Figs. 43 and 44). The maximum attack found in this vessel was also at the 

vapor-salt interface at a rate of 5 mils/month. The addition of uranium to 

the lithium-bearing salt described plus opP.ration at 450°C more than doubled 

the corrosive attack when compared to the nonuranium-containing salt. This 

occurred in vessel No. 3. 

Examination of the metallographic specimens in the as-polished 

state, Fig. 49, disclosed spongy layers on the surfaces of the vapor region 

specimens from vessels Nos. 2 and 4. These two vessels operated at the highest 

temperatures of the test series. Upon etching with a modified aqua regia 

solution, 5:1, HCl:HNo
3

, the spongy regions were for the most part destroyed. 

Figures 46 and 49 display the microstructures for specimens from the two ves­

sels and show that in only one rP.gjon, the upper vapor area of vessel No. 2 

(Fig. 46) did significant amounts of the spongy region remain. 

Careful repolishing on the upper vapor area sample from vessel 

No. 2 and examination of the surface disclosed a corrosion product which re­

solved itself into two distinct layers, as shown in Fig. 50. Just above the 

INOR-8 base metal was a spongy reeion which was composed of voids and solid 

metal intermixed. Many of the voids appeared to be partially filled with 

nonmetallic-appearing compounds. Above the spongy region, on the outermost 

surface of the specimen, was an irregular layer that had the angular appear­

ance of metal crystals. 

Upon etching the specimen with a mixture of 10% KCN and 

10% (NH4)
2
s

2
o

8
, 1:1 ratio in water, the outermost layer of the surface showed 

different characteristics than the INOR-8 base metaL The comparatively mild 

etch<:ill~ uelineated grain boundaries in the ont.Pr layer but left the base metal 

unaffected, as displayed in Fig. 51. 
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Fig. 49. Typical Spongy Surface Layers from Vapor Region Samples of 
(a) INOR-8 Test Fluorinator No. 2 (b) INOR-8 Test Fluorinator No. 4. 
As-polished. 500X. 
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Fig. 50. Surface Layers on Sample from Vapor Region of INOR-8 Miniature 
Test Fluorinator No. 2. As-polished. 500X. 
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500X. 
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Samples of the outer corrosion product layer and of the spongy 

subsurface region were obtained by mechanical milling and scrapping. Most 

of the material comprising the outer layer was found to be strongly ferro­

magnetic in contrast to the base metal. These samples plus millings removed 

from the exterior diameter of the No. 2 vessel wall, 5-10 mils below the 

surface, were submitted for spectrochemical analyses. All of the samples 

were quantitatively analyzed for Cr, Mo, Fe, and Ni by emission spectroscopy 

using a porous cup electrode method of sample excitation. The results are 

shown in Table XV • 

. Table XV. Analyses of Corrosion Products and Base Metal 
Removed from INOR-8 Miniature Fluorinator No. 2 

Sample Description and Chromium Iron Molybdenum 
Location (wt %) (wt %) (wt %) 

Outer corrosion product layer 3.9 3-3 8.4 

Spongy subsurface layer 7.6 3.8 16.3 

Base metal 6.6 3-75 15.45 

Nlckel 
(wt %) 
84.3 

69.4 

75.45 

Examination of Table XV shows that the outer corrosion product 

layer was ~3 wt ujo richer in nickel_whep compared to the base metal, INOR-8, 

while the chromium, molybdenum, and iron cont.ents in the corrosion product 

decreased 40, 45, and ll wt %, resp~ctively. The spongy subsurface layer 

showed generally small weight percent increases for the chromium, molybdenum, 

and iron, respectively; when compared to the base metal analysis. Nickel in 

the subsu:r.f'ace layer was approx 8 wt ujo less than that found in the base metal. 

The mode of, corrosive attack on INOR-8 in contact with the 

simulated volatility process ·fluorination environment at 6oooc appears to 

involve selective losses of chromium, molybdenum, and iron from the nickel 

solid sul·ution. This may occur by formation of meta.l fluorides on the bulk 

metal surface which subsequently volatilize, or by the various methods of 

fluoride film losses described in Section I. 
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The reason(s) for the slightly higher minor element concentra­

.tions in. the spongy subsu~face corrosion layer when compared with the base 

metal appear(s) anomalous tci normal diffusion processes. Concentration 

gradients produced by the initial selective losses ·should become the driving 

force for diffusion of the minor alloy, elements toward the exposed surface 

of the reactor and lower than base metal concentrations of chromium, 
'. 

molybdenum, and iron would be expected in the subsurface.region. It may be 

that complex fluoride compounds are formed in the subsurface region which do 

not ~olatilize tinder the test conditions and thus simply tie up higher con­

centrations of chromium, molybdenum, and·iron. However, since x~ray 

diffraction patterns. on.samples from.the. sublayer disclosed only the presence 

of a face-centered cubic material very similar to the pattern obtained on 

the base metal, supporting evidence for this theory has not been obtained. 

Detailed treatment of the corrosive attack on INOR-8 deserves 

·separate study which may or may_not be warranted considering the ultimate 
I . 

_goal of the entire test series covered in this section; that is, comparative 

.behavior of A nickel, Inconel, and INOR-8 in contact_ with a volatility process 

fluorination environment. In regar_d to the latter, A nickel had the .best 

,.resistance to attack at pilot plant fluorination temperatures .?f 600°C; but 

at 450° C INOR-8- presented favorable competition to the nickel. There are 

several advantages attendant to using INOR-8 as a fluorinator constru~tion 

material including its high strength and oxidation resistance. Also, since 

'the construction material for the VPP hydrofluorinat~r is INOR~8, it might be 

possible to consolidate'both hydrofluorination and fluorination operations in 

a single vessel. 

IV.· Volatility Pilot Plant Scouting Corrosion Tests 

A. Material Selection 

In order to take advantage of the service conditions provided by the· 

VPP process runs and to achieve insigh~ into the resistance of other materials 
I 

to the complex fluorination envirop.ment, a series of corrosion specimens was 

located in the Mark I and Mark II fluorinators and examined at convenient 
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intervals. As mentioned in Section I, resistance to further attack by 

fluorine on metals was felt to be imparted by passive fluoride films which 

form on the metal. Protection has been shown to be dependent on the proper­

ties of the fluoride films, especially volatility, adherence to the substrate 

metal, mechanical and thermal stability, and thickness. 

For the scouting corrosion tests described in this section, selec­

tJ.on of materials which contained constituents known to form low volatile 

fluorides seemed especially appropriate. As a guide to volatility, the 

melting and boiling points of the common ingredients in many commercial 

materials of construction were reviewed. A partial listing taken from BrewerJ16 

.ts shown in Table XVI. It can be seen that chromium and molybdenum, commonly 

added for improved resistance to air oxidation and/or improvement of high­

temperature properties, form highly volatile fluorides, especially at their 

higher oxidation states. Nevertheless, because of the previous use of nickel­

base alloys containing chromium (Inconel) and/or molybdenum (INOR-8) in 

the Aircraft Reactor Experiment (ARE) and the Molten-Salt Reactor (MSR) studies, 

alloys containing these two constituents were included in the materials selected 

for the scouting tests. 

Table XVII lists the specimen materials, their trade names, where · 

applicable,and the.general alloy cJ,.assifications to which they belong. Most 

of the materials were nickel-rich alloys. The 90 wt % Ni-10 wt % Co and 
-

80 wt % Ni-20 wt % Co alloys were nonproprietary and were fabricated from 

melts made in Metallurgy Division facilities. The remaining materials were 

obtained from commercial suppliers. The platinum specimen served as an elec­

trode probe in an attempt by VPP operating personnel to investigate the 

electrochemical effects during the fluorination procP.Rs. However, current 

did not flow through the probe and corrosive losses were recorded in a regu­

lar manner for the platinum specimen. Table XVIII shows the nominal composi­

ti ems for aJ_l scouting test materials. 
46

L. Brewer, "The Fusion and Vaporization Data of the Halides," The Chemistry 
and Metallurgy of Miscellaneous Materials: Thermodynamics (ed. by Laurence 
L.Quill) National Nuclear Energy Series, Div. IV 19B, McGraw-Hill, New York, 1950. 
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Table XVI. Melting and Boiling Point Data of Various Metal F.luorides 
Constituents of Materials Used in the Volatility Pilot Plant 

Scouting Corrosion Testsa 
(Converted from °K) 

Melting Point Boiling Point 
Element Fluoride (oc) (oc) 

Ni 

Fe 

Co 

NiF2 
l027b l627b 

FeF2 1102 l827b 

FeF
3 

1027 l327b 

CoF2 
1202 l727b 

CoF · l027b' l327b 
.. 3 

Cu 

Al 

·.cuF Dtsproportionates 
CuF2 947 . l377b 

AlF -827b l357b 

Mg 

Mn 

Ti 

Cr 

AlF
3 

> 1272 1272-

MgF2 1263 2227 

MnF2 856 2027b 

MnF3 l077b l327b 

TiF
3 

. l227b· l427b 

TiF4 
427b 284 

CrF2 
1102 . 2~7b 

Cr:F
3 

1100 l~27b 
CrF4 

277b 297b 

CrF
5 

l02b ll7b 

MoF
5 

77b 227b. . Mo 

MoF
6 17 36 

PtF
3 

> 727 > 727b 

PtF4 > 627 727b 

PtF6 
Decomposes at 280°C(c) 

AuF
3 

727b > 727b 

Pt 

Au 

aL. Brewer, "The Fusion and Vaporization Data of the Halides," The Chemistry 
and Metallurgy of Miscellaneous Materials: Thermodynamics (ed. by Laurence L. 
Quill) Na~ional Nuclea~ Energy Series, Div. IV l9B, 'McGraw-Hill, New York, 1950~ 

·bEstimated qr Obtained by Extrapolation of Experimental Data by L. Brewer. 
CBernard Weinstock and J. G. Malm, "Some Recent Studies with Hexafluorides," 

'Basic Chemistry in Nuclear Energy' 28, pp~ 125-129, 2nd United Nations Ihter'-
national Conference on the Peacefuluses of Atomic Energy, Geneva, 1958. 

'• 
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Table XVII. Corrosion Scouting Test Specimen Materials Used in the 
Volatility Pilot Plant Mark I and Mark II Fluorinators 

Material Classification 

L Nickel Ni 

INCO 61 Weld Wire 

Gold-piated L Nickel 

90 wt % Nickel-10 wt % Cobalt 

80 wt % Nickel-20 wt % Cobalt 

Cobanic 

Monel 

D Nickel 

Nimonic 80 

Inconel 

Waspalloy 

INCO 700 

Hymu 80 

Hastelloy. B 

Hastelloy W 

INOR-2 

INOR-8 

Hastelloy X 

·OFHC Copper 

Platinum 

. ' 

Ni 

Ni 

Ni-Co 

Ni-Co 

Ni-Co 

Ni-Cu 

Ni-Mn 

Ni-:-Cr 

Ni-Cr-Fe 

Ni-Co-Cr 
(+ Ti, Al, and Fe) 

Ni-C6-Cr 

Ni-Fe-Mo 

Ni-Mo-Fe 

Ni-Mo-Fe 

Ni-Mo-Cr 

Ni-Mo-Cr-Fe 

Ni-Mo-Cr-Fe 
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' Table XVIII. Nomin~l _Composi ti"Cin of Corrosion Specimens from the Volatility· Pilot Plant Fluorinator 

Nominal Compo!>i tion wt 'f,, · 
Material Ni Fe Co Cu Al Mn"· Pt Ti Mo Cr c w y Zr ~ Si p B 

L Nia 99.47 0.11 o;17 0.023 0.0075 < 0.01 
!NCO 61 93 •. 00 1.0 0.25 . 1.5 l.C 2.G-3.5 0.15 o:01 0.75 
weld wire (min) 
Au-plated 
L Nib Gold plate = - 0.0015 in. 
D Ni 95.0e 0.05 0.02 4.75 0.1 0.005 0.05 
OFHC Cu 99.9+ 
Hymu 8o 79 16 0.50 4.0 0.05 0.15 

(bal) 
Cobanic 55 45 0.1 
!NCO 700 45 1.5 29 2.5 2.3 3.0 '16 0.08 
80 Ni~20 coa 79.59 20.13 0.026 f-' 
90 Ni-10 coa 90.02 9.63 0.020 f-' 

1\) 
Mone_la 67.66 1.40 0.47 30.3C 0.9.3 0.19 0.01 0.11 '' 

Inconel 77e I 7 0.1 0.20 15 0.06 0.007 0.2 
Hastelloy 48 18 .. 76 1;01 0.64 8.82 21.81 0.11 0.20 0.008 0.78 0.~11 

xc (bal) -
Waspa11oy 57 2 12-15 0.1 1-1.5, 0.5 2.75--3.25 3.5--5 18-21 0.1 0.1 0.03 0.75 0.008 

(bai) ·(max) (niax) (max) (max) (max) , (max) (max) 
Hastelloy 65 5 28 . 0.4 0.1 

B 
Hastelloy 60 5.5 2.5 1 25 5 0.12 0.6. 

w 
.INOR-2 79 16 5 0.1 
INOR-8d 69.8 5.1 0.83 0.08 16.5 6.9 0.08 0.005 0.14 0.008 
Nimonic 8oc 74.28 0.6 0.04 1.42 0.5 2.42 20.38 0.05 0.007 0.28 
Platinum 99.9+ 
a · c 

ORNL Chemical analysis. Base metal same as L Ni above. cVendor chemical analysis. dwestinghouse chemical analysis (Heat 8M3). 

ernclud~s cobalt. 

I. I . 
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B. Test Method 

The scouting specimens consisted of lengths of rod, sheet~ or split 

pipe stock, or combinations thereof, each approx 48-56 in. long. They were 

held in place in the fluorination vessels by two methods. During the Mark I 

fluorinator's operations, all specimens were welded to the top blind flange of 

the vessel as shown in Fig. 3. When the Mark II vessel was in use several 

specimens were welded to the inspection port flange in a similar manner while 

the remaining test rods were held in place by metal connectors gripping a fit­

ting prewelded to the end of the test rod. The end fittings were .A nj_ckel 

tub~ng 1/2-in.-o.d. x approx 3 in. long and seal welded to prevent the escape 

of process gases. Figure 52 shows a cut-away view of the Mark II VPP fluorina­

tor illustrating the placement ~f corrosion specimens and a typical test 

specimen prepared for insertion. 

A to:al of 31 test specimens was exposed to the fluorination environ­

mP.nts. In each test grouping at least· one .L nickel specimen was included as a 

control. Figure 53 shows a top view of the fluorinators indicating the placement 

of the specimens in terms of polar geometry, the testing order and identification 

number, and corrosion specimen numbers.· The corrosion specimen number identifies 

particular fluorinator runs when specimens were in place and also indicates the 

total number of specimens tested simultaneously. The 'major test groupings were 

fluorination runs M-21 through M-48, C-9 through C-15, E-3 through E-6, 

L-1 through L-4, and L-5 through L-9. Figure 54 details the process cycling 

for each run group. Tables I and VI summarize the other process details during 

these scouting runs. 

·C. -Reactions to Environments 

After exposure, the test specimens were removed from the fluorination 

vessels and subjected to dimensional analyses and metallographic study. 

Figures 55 and 56 summarize the maximum corrosive losses found in each major 

exposure region as determined by micrometer measurements and optical ·microscopy.· 

Fi~JrP. 55 details the_ loss data as a plot of mils per month, based on individ­

ual molten-salt residence times, while Fig. 56 shows the loss data in terms of 
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SPECIMENS WELDED DIRECTLY TO TOP FLANGE 

\ 

MECH/;\NICAL 
THREADED 

FITTIN 

TUBE PRE-WELDED TO SPECIMEN 
TO FIT THREADED FITTING 

\' 

SEAL WELD 

UNCLASSI FlED 
ORNL-LR-'-DWG 491.67 

Fig; 52. View or" Mark II VPP. Fluorin?-tor Ves.sei Showing- Methods of 
Corrosion Rod Placement. 
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SCHEDULE 

Corrosion Specimen No."' 

M21-M48:1 
M21-M48:2 
M21-M48:3 
M21-M48:4 
C9-C15:1 
C9-C15:2 
C9-C15:3 
C9·C15:4 
E3-E6:1 
E3-E6:2 
E3-E6:3 
E3-E6:4 
E3-E6:5 
E3-E6:6 
E3-E6:7 
E6 
L1-L4:1 
L 1-L4:2 
L1-L4:3 
L 1-L~:~ 
L1-L4:5 
L3-L4 
L1-L4:6 

.L5-L9:1 
L5-L9:2 
L5-L9:3 
L5-L9:4 
L5-L9:5 
L5-L9:o 
U-L9:7 
L5-L9:8 

UNCLASSIFIED 
ORNL·LR- OWG 49468 

Material 

"L" nickel rod 
"L" nickel rod 

' "L" nickel rod 
"l" nickel rod 
INOR-2 •od 
"L" nick•l rod 
"L" nickel rod 
Hostelloy "8" rod 
lnco-61 weld wire 
lnconel tube 
Monel rod 
80Ni-10Co ,od 
"L" nickel rod 
90Ni-10Co "'d 
OFHC Cu ,od 
Platinum 

INOR-8 •od 
Au-plated "L" Ni rod 
lnco-61 weld wire 
lnco-700 ~t:f 
Cobonic 
lnco-61 weld wire 
"l" nickel rod 
"0" nickel sheet 
1NOR-8 rod 
"L" nickel rod 
Wospolloy rod 
Hastelloy "X" pipe 
Masrelloy "W!' sheer 
Nimunic,; "80" "'i"'c 
Hymu "80" rod 

*Example: M21-48 refers to runs when specimen was exposed; {:I) refers to local group number, that 
ts, four spec:1mens resred stmuhcneous.ly durtng the "M" runs. ' 

Fig. 53. Top View of VPP Fluorinators Showing Placement of Corrosion 
Test Specimens~ Test:i.ng Order, and Specimen Number, 
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mils per hour, based on operational fluorine sparge time. In both figures 

dotted and cross hatched bars represent bulk metal losses and visible inter­

granular attack, respectively, while solid bars indicate a total loss of the 

specimen occurred at the point indicated. 

Several specimens registered lower rates of maximum corrosive attack 

than the L nickel control rods •. These specimens included Hymu 80, -INOR-2, 

INOR-8, Hastelloy W, Hastelloy X, Waspalloy, and the 90 wt % Ni-10 wt % Co 

alloys. In p~rticular, Hymu 80 was superior to all test specimens in all runs, 

although the specimen,registered a maximum bulk loss rate or ll mils/month, 

based on molten-salt residence time, at the vapor-salt interface. Total loss 

·cff,~corrosion specimens, indicating corrosion ra,tes of > 105 mils/month based 

on molten-salt time, was found for 9ne L nickel specimen, one INC0-61 weld 

wire specimen, and for the Hastelloy B, Nimonic 80, Inconel, Monel, copper, and. 

platinum specimens. 

Selected photomacrographs and photomicrographs of samples from many 
/ 

of these corrosion specimens are presented in Appendix A. In most cases,. the 

areas of maximum attack are shown. 

D. Discussion of Results 

A wide variation in resistance to the fluorination environment was 

found on corrosion specimens used in the compatibility testing described. ·The 

var~ations in corrosion noted were anticipated because of the widely divergent 

process conditions. Because the VPP has essentially been operated :for feasi­

bility studies, demonstration runs, and runs designed to recover uranium from 

available fluoride salt mixtures, the determination of optimum process condi­

tions rather than the gathering of corrosion data has been the prevailing 

philosophy. 

In many groups of runs a wide variety of scouting materials was 

used which were in proximity.· This was recognized as being far from ideal for 

corrosion testing, but little choice was available under the circumstances. 

-However, Run Group M-21-48 did contain only the reference material, L nickel, 
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and the results were almost as divergent as the data obtained in run groups 

where as niany as seven different materials were present .in the same system. 

The L nickel reference specimen's mean rate of corrosive attack was 

similar to that found on the ·walls of the corresponding pilot plant fluori­

nators, although large deviations fr~m the mean existed. While maximum 

corrosive attack occurred in the vapor region on the Mark I fluorinator and 

in the salt region of the Mark II vessel, in almost all cases the L nickel 

sp~cimens showed maximum attack at the point of vapor-stilt interface contact. 

A notable exception was specimen M-21~48:4, tested in the Mark I fluorinator, 

which exhibited failure in the upper vapor region. The addition of chromium 

fluoride during the M-.21-M-48 Run Group may have produced the vapor region 

failure through mechanisms proposed in Section I. 

The increased attack on the L nickel specimens at the vapor-salt 

interface possibly resulted from salt agitation at the center of the vessel 

induced by the fluorine and nitrogen sparging through the draft tube. This 

agitation could result in increased erosion and vibration of the 'specimens 

with resultant loss of protective films. In addition, the location may have 

.~llowed primary, contact of the specimens with the fluorine sparge before the 

.latter reached the vessel waJ,_ls. However, the increased corrosion to be ex­

a;>.ected from this effect Wa.s not noted on the A nj.ckel fluorine inlet tubes, 

the draft tube walls, or other fluorinator internal c~mponents discussed in 

Section II. 

Tests on INC0-61 weld wire were intended to provide data on a nickel­

rich alloy with additions not readily available in commercial alloys. Besides 

nickel, this material contains.small amounts of Al, Ti, Fe, Mn, Si, and Cu 

(Table XVIII). Since this material was used in fabricating the fluorinators, 

these tests provided an indication of weld metal behavior, although the W€ld 

metal after deposition would have a cast structure compared to the wrought 

structure of the weld wire. The INC0-61 specimens showed generally analogous 

bulk metal loss behavior when compared to the L nickel specimens. However, no 

in.tergranular attac~ was found in the INC0-61 specimens. 
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The behavior of the gold-plated L nickel corrosion specimens indicated 

that rio protection was provided by the plating. Comparison with L nickel speci­

men number L-l-L-4:6 in Fig. 55 shows comparable losses. 

On _the basis of single exposures of the 90% Ni-10% Co and 80% Ni-20% Co 

specimens, cobalt additions seemed to improve the resistance of commercial 

nickel to the fluorination environment with the one exception of the high vapor-

. salt interface attack found in the 80% Ni-20% Co specimen. The cobanic alloy, 

containing 45% Co, was tested only in the fluorination vapor phase and showed 

greater losses when compared with L nickel. Thus, further investigation of 

nickel-base alloys with less than 20% Co seems warranted.. Because the most 

corro~ion-resistant Ni-Co alloys .are experimental, the investigation should 

ultimately include the determination of mechanical and physical properties and 

fabricabili ty. 

The nickel-rich copper specimen, Monel, provided poor resistance to 

the fluorination environment during a single test run. The specimen failed 

completely at the vapo:c-salt interface. 

The D-nickel, containing about 5% Mn, and developed for improved 

resistance to sulfur attack in oxidizing atmospheres at elevated temperatures, 

presented somewhat higher loss rates than the L nickel specimen simultaneously 

exposed. The D nj r.k~l specimen presented a different ge:ometry to the corrodents, 

sheet vs rod, but that difference is not believed to have been significant "in 

producing the higher rates of attack. 

As expected, the Nimonic 80 alloy, containing 20% Cr and approx 

2.5% Ti, exhibited substantially greater bulk losses than the corresponding 

L nickel specimen. Reference to·Table XVI shows that chromium and titanium 

can form highly volatile fluorides at their higher valence states. 

A high-temperature, oxidization-resistant, nickel-chromium-iron alloy, 

Inconel, has been mentioned as being useful in contact with fused fluoride salts. 

During the single test in the fluorination environment, the specimen completely 

failed at the vapor-salt interface, and also exhibited a rather high vapor-phase 

attack. 
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The.Ni~Co-Cr alloys, Waspalloy and INCO 700, dif~ered significantly 

in attack. Samples of INCO 700 were available only for a salt-phase test 

(L-1-L-4:4) and in this region had a bulk loss rate > 100 mils/month which 

considerably exceeded the L nickel specimen exposed simultaneously. The 

Waspalloy specimen sho~ed a rate of attack slightly less than that of a cor­

responding L nic~el specimen. Fur~her investigation of Waspalloy seems war­

ranted, although· it should be remembered that the alloy ages at 750°C, a 

te~perature only slightly higher than the fluorinator.operating range. Thus, 

temperature excursions, which may be encountered in extended operations, might 

. drastically_ reduce the ductility of -the material. 

The Hymu~8o specimen, Ni-Fe-Mo, presented the best resistance to 

corrosion of any of the specimens tested including .the L nickel reference 

material. This alloy is commercially available and six miniature fluorinators 

ha.ve.been fabricated for compatibility' testing with Na.F-ZrF4 and LiF-NaF-ZrF4 
salt mixtures by the Volatility Studies Group of Chemical Development Section A. 

The essentially !Ji-Mo-Fe.alloys, Hastelloy Band W, agai!f showed the 

·variant behavior characteristic of this test.series. The Hastelloy-B specimen 

had extremely poor resistance and failed completely 22 in. ·above the static -salt 

ievel. Since the specimen was exposed during the Mark .I operation, the high 
·.' .. 

. vapor-phase attack evidenced at that time may well have influenced the behavior 

of Hastelloy B. The Hastelloy~W specimen, in place during a relatively low 

co!rosion run series, t-5-L-9, exhibited slightly lower losses when compared 
. ., 

with the L nickel control s:pecimen. This was becau.se of the intergranular 

attack experienced by the L nickel. 

One of the early manifestations of the Ni-Mo alloy series developed 

at ORNL for fused-fluoride salt use was INOR 2. The sing~e INOR-2 specimen 

tested'had corrosion resistance superior to either of the L nickel specimens 

expose.d concurrently. Lack of additional material-has hindered further corrosion 

testing. 

The Ni-Mo-Cr-Fe alloys tested, INOR 8 and Hastelloy X~ had corrosion 

resistance comparable to that of the L nickel rods exposed simultaneously. As 

described in __ Section III, miniature fluorinators were fabricated from INOR 8 

and test~d. These tests did not indicate any superiority over commercial· nickel. 
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A single copper specimen, L-3-L-6:7, was exposed to the Mark II 

environment. The specimen failed completely in the middle vaBor region. Cu-· 

pric fluoride was considered most likely to form under the excess fluorine 

conditions present during testing. Although CuF
2 

has a melting point of 

approx 950°C and should have afforded protection to the parent metal, copper's 

lack.of resistance to oxidizing environments at fluorination temperatures may 

explain its _poor performance. 

The platinum specimen was completely severed by corrosive attack in 

the upper vapor region. This wire was intended to serve as an electrode probe, 

but never carried current. The reason for the extreme rate of attack on 

platinum seems to be the instability of PtF6 which has been reported to de­

compose at 280°C (Table XVI). 

Whereas the L nickel specimens exhibited intergranular attack, very 

few instances of this mode of attack were noted on the other specimens tested. 

Sections I and II describe the mechanisms presumably operating on L nickel. 

E. Future Studies 

The corrosion rates for all scouting materials tested to date appear 

to be excessive for long-time use. Therefore, additional fluorination scouting 

corrosion tests of the type described\have been planned. Particular emphasis 

has been placed on binary nickel-rich alloys containing various amounts of 

Fe, Co, Mn, Mg, and Al. The latter two elements have not been considered in 

previous experiments because of the fabrication, age hardening, or other 

difficulties characteristic when alloyed in appreciable quantities with nickel. 

Only a few nickel-base commercial alloys containing magnesium and aluminum in 

combination with other ingredients have been available and still fewer have 

been commercial as Ni-Mg or Ni-Al binaries. Yet, aluminum and magnesium are 

known to form fluorides at their highest valence states, which have higher 

melting points than NiF2. 

To date, Fe, Co, Mn, Mg, and Al in the quantities shown in Table XIX 

have been added to induction melts of nickel and cast into l-in. rounds. After 

suitable-homogenization treatments of the castings, the rounds were cold swaged 
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Table XIX. Proposed Noncommercial Binary Alloys· for Co-rrosion Testing 
in the Volatility Process Fluorination Environment· · 

Nominal Composition-
(wt %) 

Alloy Group Ni Fe Co Mn Mg Al 

NiFe 95 5 
90 10 
80 20 

NiCq 95 5 
90 10 

piMn 98 2 

- NiMg 99.95 0.05 

99.9 0.1 

99 1.0 

NiAl 99 l 

97 3 

.-. 
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to l/4-in.-diam rods and hydrogen annealed. The rods have been cut to proper 

lengths, end fittings attached by seal welding, and are presently awaiting 

placement in a VPP fluorinator. 

In addition, high-purity vacuum-melted nickel has been obtained and 

fabricated into the proper test specimen shape for examining the resistance 

of that material to the fluorination environment. 

V. Argonne National Laboratory Fluorination Corrosion Studies 

The Chemical Engineering Division of Argonne National Laboratory has 

done extensive work on nonaqueous processing of irradiated fuels. 47 A portion 

of their effort has been on_studies of fluoride volatility processes. Are­

view of one of the Argonne :National Laboratory st-y.dies on materials compati­

bi]j_ty j_n a simulated fluorination environment is included here for comparison 

with ORNL data. 

A. Test Method 

Fluorination corrosion tests were conducted on coupons of L nickel, 

D ni,ckel, Hastelloy B, and INOR l. (ref 48 ) _ The coupons were contained in a 

vessel which had an inner liner and internal piping fabricated from A nickel. 

The coupons, each 8 in. long x 0,-5 in. wide x 0.032 in. thick, were wired to­

gether to form a simulated draft tube of square cross section. The compo·si tion 

of the wire wa.s not j_n<'ltcated. The nominal composition of the first three 

materials listed above has been gj_ven in Table XIX. Another of the early ex­

perimental alloys, INOR 1, studied in the development of INOR 8, had a nominal 

composition of 78 wt ojo Ni-20 wt ojo Mo-0.5 wt ojo Mn--0.5 wt ojo Si-0.25 wt ojo Fe-

0.01 wt % c. 
The simulated draft tube was partially immersed in a bath of equi­

molar NaF-ZrF
4 

so that the vapor-salt interface was approx 3 in. up from the 

47 R. C. Vogel and R. K. Steunenberg, "Fluoride Volatility Processes for 
Low Alloy Fuels," Symposium on the Reprocessing of Irradiated :Fuels Held at 
Brussels, Belgium, May 20-25, 1957, Book 2, Session IV, pp.498=559, TID-7534. 

48
L. Hays, R. Breyne, and W. Seefeldt, "Comparative Tests of L Nickel, 

.D Nickel, Hastellby B, and INOR 1," Chemical Engineering Division Summary 
Report, July, August, September, 1958, ANL-5924, pp.49-52. 
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bottom of the coupons. The bath was held at 600°C while fluorine or helium 

was introduced centrally beneath the melt surfaces at rates of·approx 0.1 

standard li~ers/min: During this test series, th~ fluoride salts .were kept 

molten for a total of 216 hr and for 63 ~ of that time fluorine was sparged 

into the _bath .. The process gas~~ were introduced on a cyclic basis, i.e., · 

for 7 hr/day fluorine was sparged while helium was.sparged for the remaining 

17 hr of a day. 

Figures 57 and 58 i·llustrate the corrosion losses obtained during 

this test series. Figure 57 is a bar graph where bulk metal losses as 

. determined by micrometer measurement and additional losses as determined by 

metallographic examination have been co'nverted to mils/month ~f molte,n-salt· 

residence time. Figure 58 is a similar graph plotted as mils/hour of fluorine 

sparge time. Rates have been plotted instead of original data for comparison 

with ORNL data. ·. 

B. Discussion of Results 

·Th~ corrosion losses in this Argonne National.Labor.atory test series 

suggest that. INOR l was the most resistant-to the test env~ronment, while the 

.:L nickel reference material fared poorly. This is attributed·to the extensive 

··intergranular attack on the latter material, particularly at the .vapor-salt 

interface. 

Comparison· of the Argonne National Laboratory corrosion results with 
' 

those obtained at ORNL is difficult because of differences in test. procedures 

which include fluorine flow rates, specimen location and geometry, and salt 

compos~tions. However, Argonne's results on L nickel fit the corrqsion 

limits determined for the ORNL scouting corrosion reference'specimens in the 

salt and at the salt-vapor interfaces. Vapor-phase specimens are not readily 

comparable, since Argonne specimens were only 3 to 4 in. above the salt 

surface. 

The Argonne National Laboratory Hastelloy B and the D nickel specimens 

generally had less attack than scouting specimens at ORNL. The-differences may 

be attributed to more severe operating conditions in the ORNL pilot plant 

··fluorinator. Since no INOR-l· specimen had been tested at ORNL, no comparisons 
I 

, could be derived. 
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Close cooperation has been maintained with the Argonne National· 

Laboratory on the selection and testing of candidate materials of construction 

for use in the fluoride volatility process. In addition to materials research 

as a means of containing the fluorination environment, Argonne National 

Laboratory has suggested three other approaches. These have been the use of 

(1) cold wall fluorination vessel, (2) a spray tower fluorination, and 

(3) lower melting salts. 49 Further work on these approaches has been covered 

in the Argonne National Laboratory Chemical Engineering Division Summary Reports. 

VI. Supplementary Volatility Pilot Plant Equipment 

The operation of the VPP necessarily included the use of a number of 

auxiliary components such as traps for radioactive products, absorbers, valves, 

fittings, fluorine di~posal systems, and piping. Each of these are subject to 

various corrosive conditions including "fluorine, uranium hexafluoride) fused 

fluoride salts, etc. Thu.s, successful operation of the volatility process 

requires that materials be selected appropriate for the particular conditions 

of service. Construction of the present system was predicated on the knowledge 

available at the time and as operating experience has been gained these parts 

have been examined to verify the original assumptions. In most cases the metal 

selected appe~rs to give .satisfactory service and failure analyses have sug­

gested alternate metals in the case of those which proved unsuitable. The 

details of the findings of this investigation are presented in Appendix B. 
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Fig. 59A. Cross Section of Interface Region Sample from L Nickel 
Corrosion Specimen (Runs L-5-L-9:3). Interior circumference of vrhite 
circle indicates original size. As-polished. lOX. 
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Fig. 59B. Portion of Fig. 59A. 
Note intergranular attack. Etchant: 

Typical Surface and Microstructure . 
KCN-(NH4)2s2o8. 200X. 
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Fig. 60A. Cross Section of Salt Region Sample from Gold Plated L Nickel 
Corrosion Specimen (Runs L-l-L-4:2). Interior circ~erence of white circle 
indicates original size. As-polished. l5X. 
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Fig. 60B. Portion of Fig. 60A. T.ypical Surface and Microstructure. 
Intergranular attack. Etchant: HN03-~so4 • 200X. 
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Fig. 6lA. Cross Section of Interface Region Sample f rom INC0- 61 Weld 
Wire Corrosion Specimen (Runs L-3-L- 4 ). Interior circumference of white 
circle indicates original size. As-polished. l5X. 

F . 61B Portion of 61A. ~mical Surface and Microstructure. lg. . -'-.1 1:' 

Etchant: Concentrated HNO~. 2DOX . 
.) 
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Fig. 62A. Cross Section of Interface Region Sample from INOR-2 Corrosion 
Specimen (Runs C-9-C-15:1). Interior circumference of white circle indicates 
original size. 85X. 

6 P ti f Fi 62A Typical Surface and Microstructure. Fig. 2B. or on o g. . 
Etchant: Chromium regia. 200X. 
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Fig. 63 . 
(Runs Specimen 

Etchant: 

Section of Vapor Region Sample f rom 
C-9-C-15:4) Showing Typical Surface 

Chromium regia. 200X. 
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Fig. 64. Section of Vapor Region Sample from Inconel Corrosion Specimen 
(Runs E-3-E-6:2) Showing Typical Surface and Microstructure. Etchant: Modified 
aqua regia. 200X. 
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Fig. 65. Section of Vapor Region Sample from Monel Corrosion Specimen 
(Runs E-3-E-6:3) Showing Typical Surface and Microstructure. 
Etchant: HC2H

3
02 :HN0

3
:HC1. 200X. 
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Fig. 66. Section of Vapor Region Sample from OFHC Copper Corrosion 
Specimen (Runs E-}-E-6:7) Showing Typical Surface and Microstructure. 
Etcha.nt: NH4 OH: ~ 0 2 • 200X. 
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Fig. 67A. Cross Section of Interface Region Sample from 80 Ni-20 Co 
Corrosion Specimen (Runs E-3-E-6:4). Interior circumference of white circle 
indicates original size. Combination of grain size and etchant presents a 
relief appearance because of light. Etchant: HN0

3
:H2So4 . 15X. 
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Fig. 67B. Portion of Fig. 67A. Typical Surface and Microstructure. 
Etchant: Concentrated HN0

3
. 200X. 
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Fig. 68A. Cross Section from Interface Region Sample from 90 Ni-10 Co 
Corrosion Specimen (Runs E-3-E-6:6). Interior circumference of white circle 
indicates original size. Etchant: HN0
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Fig. 68B. Portion of Fig. 68A. Typical Surface and Microotructure. 
Etcbant: Dilute HN0

3
. 200X. 
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Fig. 69. Longitudinal Cross Section of Vapor Region Sample from Platinum 
Corrosion Specimen (Run E-6) Showing Typical Surface and Microstructure. 
Cathodic vacuum etch. 200X. 
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Fig. 70A. Cross Section of Interface Region Sample from D Nickel 
Corrosion Specimen (Runs L-~L-9: 1). Interior of lvhite lines indicates 
original size. As-polished. lOX. 
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Fig. 70B. Portion of Fig. 70A. Typical Surface and Microstructure. 
Etchant: KCN-(NH4)2s2o8. 200X. 
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Fig. 7lA. Cross Section of Salt Region Sample from INC0-700 Corrosion 
Specimen (Runs L-l-L-4:4). Interior circumference of white circle indicates 
origin~l specimen size. As-polished. 5X. 

Fig. 71B. Portion of Fig. 7lA. T,ypical Surface and Microstructure. 
Cathodic vacuum etch. 200X. · 
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Fig. 72. Cross Section of Vapor Region Sample from Cobanic Corrosion 
Specimen (Runs L-l-L-4:5). Interior circumference of white circle indicates 
original size. Etchant: Concentrated HN0

3
. lOOX. 
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Fig. 73A. Cross Section of Salt Region Samples from INOR-8 Corrosion 
Specimen (Runs L-l-L-4:1). Interior circumference of white circle indicates 
original size. As-polished. 15X. 

Fig. 73B. Portion of Fig. 73A. Typical Microstructure and Sur:f"ace 
Showing intergranular attack. Etchant: Chromium regia. ·200X. 
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Fig. 74A. Cross Section of Interface Region Sample from Waspalloy 
Corrosion Specimen (Runs L-5-L-9:4). Interior circumference of white circle 
indicates original si ze. As-polished . 5X. 
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Fig. 74B. Portion o1· .l''ig. (4-A. 'l'YJllCaJ. ::>urrace and Microstructure. 
Etchant: Aqua regia. 200X. 
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Fig. 75A. Cross Section of Interface Region Sample from Hastelloy X 
Corrosion Specimen (Runs L-5-L-9:5). Interior of white lines indicates original 
thickness. As-polished. lOX. 

Fig. 75B. Portion of Fig. 75A. T,ypical Surface and Microstructure. 
Etchant: Chromium regia. 200X. 

"' ' 
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Fig. 76A. Cross Section of Interface Region Sample from Hastelloy W 
Corrosion Specimen (Runs L-5-L-9:6). Interior of white lines indicates 
original thickness. As-polished. lOX • 
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l<'ig. 76B. Portion of Fig. 76A. Typical Surface and MicroRtructure. 
Etchant: Chromium regia. 200X. 
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Fig. 77A. Cross Section of Salt Region Sample from Nimonic 80 Corrosion 
Specimen (Runs L-5-L-9:7) . Interior of white lines indicates original 
thickness. As-polished. lOX. 

/ 

---

Fig. 77B. Portion of Fig. 77A. Typical Surface and Microstructure, 
Etcha.nL: ALJ.uci regia. 200.x. 
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Fig. 78A. Cross Section from Interface Region Sample from Hymu 80 
Corrosion Specimen (Runs L-5-L-9:8). Interior circumference of white circle 
indicates original size. As-polished. 5X. 

Fig. 78B. Portion of Fig. 78A. Typical Surface and Microstructure. 
Etchant: Aqua regia. 200X . 
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Supplementary Volatility Pilot Plant Equipment 

Sections I and II have described reactions to the process environment of 

VPP L nickel fluorination vessels. Oth~r important components used in the 

fluorination cycle of the fluoride volatility process have been examined for 

corrosion resistance to their local environments. The .components include a 

CF~ trap, a waste-salt line, the absorber vessels, valves and fittings, com­

ponents in the fluorine disposal system, and selected sections from the 

process gas lines. Figure 79 illustrates the relative positions of these 

components in the. pilot plant. 

Complexible Radioactive Products Trap 

To date, two CRP traps have been utilized in the VPP. The trap examined 

was the second used and was in service during the Mark II fluorinator's life-­

time, as has been dcocribed previously in Sectj_nn TIA. This vessel was 

fabricated from a 5-in. sched-40 Inconel pipe, 31 in. long and it contained 

NaF pellets to scrub the fluorinator effluent gas. The trap was designed to 

remove ZrF4 and CrF
5 

and provides a certain amount of radioactive decontami­

nation. Table XX summarizes the exposure conditions for the trap. A complete 

description of the performance of the CRP trap has been published.50,5l,52 

After the Mark II fluorinator was taken off stream, trepanned sections 

were removed from the CRP trap and sent to BMI for corrosion analyses. 

Figure 80 illustrates the sections removed. 

Macroscopic examination of the samples at 20X revealed outlining of the 

Inconel grains and an etched surface with increased attack noted at Section B-T. 

50c. L. Whitmarsh, Reprocessing of ARE Fu~l, Volatility Pilot Plant Runs, 
E-1 and E-2, CF-59-5-108 (May 11, 1959). 

51c. L. Whitmarsh, Reprocessing of ARE Fuel, Volatility Pilot Plant Runs, 
E-3 through E-6, CF-59-B-73 (August 26, 1959). 

52c. L. Whitmarsh, Uranium Recovery from Sodium Zirconium Fluoride Salt 
Mixtures, Volatility Pilot Plant Runs, L-1 through L-9, CF-59-9-2 
(September 30, 1959). 

/ 



·...~ w 
z 
0 .u 
z 

CHARGE MELT TANK 
(347 STAINLESS STEEP· 

, PUMP 

ZrF4 -CRP 
/ TRAP 

(IN CON ELl 

FREEZE 
VALVE 

MONEL 

FLUORINATOR ( L NICKELl, 

WASTE CAN 
(LOW-CARBON STEEL) . . . .. 

ABSORBERS 
-(lf\ICONEL) 

UNCLASSIFIED 
ORNL-LR-OWG 30402A 

SPRAY _NOZZLES' . 

MONEL 

CAUSTIC SURGE' TANK 
(MONEl:.) 

MONEL 

COLD TRAP 
HEAT EXCHANGER SHELL (MONEL) 
HEAT EXCHANGER BAFFLES (COPPER)-

TO PRODUCT 
RECEIVER 

CHEMICAL 
WASTE 

CHEMICAL TRAP 
(MONELl 

...J 
w 
z 
0 
::2 

Fig. 79. Schematic Drawing of the VPP ShoWing Relative Positions of C9mponents. -

, I 



Table XX. Summary of Process Conditions for Volatility Pilot 
Plant Complexible Radioactive Products Trap 

During VPP Runs E-1 through E-6 and L-1 through L-9 

Operating 
Temperature 

Time of Exposure During Operations 
Room Temperature to At Operating At Operating 

Operating Temperature Temperature 
Temperature With N2 Flow With F

2 
Flo~ 

Region _Exposure (oc) (hr) (hr) (hr) 

Middle 

Bottom 
(inlet) 

F 2, UF6 .. N2, NaF 

(solids) 

F2,UF6,N2 
(solids) 

305-395 400 

400 

,..., 400 

~or app:tox 35. hr UF6 was added to F
2 

stream, 
b . 

Temperatures recorded only during 2 runs, E-1 and E-2. 

400 100 

400 ,..., 100 

,..., 400 ,..., 100 
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Fig. 80 .. Location of Specimens Trepanned from the Inconel CRP Trap. 
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Dimensional analyses w~re performed on the sections as well as a microscopic 

examination. A summary of the corrosion losses found by BMI personnel is 

presented in Table XXI. Included in the table is a column converting the 

maximum total losses to a mils per hour rate based on fluorine exposure time 

at operating temperature for the vessel. A maximum total corrosion attack 

rate of 0.46 mils/hr occurred in the lower section.of the trap which sus­

tained 'the higher operating temperatures. 

Optical microscopic examination of sections removed from the trap 

revealed intergranular attack on both the interior and exterior surfaces of 

the vessel in the lower regions. The upper region showed intergranular attack 

only .on the vessel's interior wall. A. typical cross section of the interior 

wall of the CRP trap is shown in Fig. 81. 

Comparison of the corrosive attack on the Inconel CRP trap and the Inconel 

bench-scale fluorinator. described in Section III indicated maximum rate losses 

for the trap to be. approximately twice that for the bench-scale fluorination 

vessel. The most similar areas with respect to operating environments were 

the lower vapor region of the fluorinator and the lower region of the CRP trap. 

At those locations, similar temperatures (approx 500°C) and process gases 

(F2 ,UF6 ) were present. -In addition,_ however, sodium fluoride pellets were 

in contact with the wall of the CRP trap. The maximum bulk metal losses _in 

the two regions were in a ratio of 3:1 (Trap:Fluorinator) while the maximum 

j_nterior intergranular penetration ratio was > 5: l. These differences are 

difficult to reconcile in view of the 2:1 ratio for fluorine contact time at 

elevated temperatures for the two vessels. 

No appropriate reason can be advanced t'o- explain the variations cited in 

corrosive behavior for the CRP trap and the Inconel bench-scale fluorinator. 

However, the results present additional evidence that Inconel should be used 

with caution as the construction material for certain fluoride volatility 

process components. 

Waste-Salt Line 

The removal of waste fluoride salt from the VPP fluorination v~ssels was 

accomplished by pressure transfer through a freeze valve and waste-salt line 



I 

Table XXI. Summary of Corrosion Losses on Specimens 
Trepanned from the Inconel CRP Trap 

Wall . Inter granular Total 
Thickness Penetrationb Maximum Maximum 

Di'stance from Lossesa (mils) Corrosion Corrosion 
Speci- Top F·lange Weld ( ' ) Interior Exterior Losses · Ratec 1-' ',mils 0\ 

men Location (in.) Maximum Minimum Surface Surface (mils) (mils/hr) 0 

T-T Top 3 7 ' 0 3 None 10 0.1 

M-T Middle 8.5 ll 5 -
B-T Bottom 26 24 9 ll ll· 46 0.46 

a , 
· Based on 12 micrometer measurements taken'on each specimen and subtracted from nominal I • 

original wall thickne~s of 25~ mils. 

hAs determined by optical microscopy. 
I I 

cBased on ·fluorine exposure time at operating teirrperature. 

~ . 
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. ~ J~ 
·,:...- /? <· 

Unclassified 
BMI C626 

Fig. 81-. Typical Microstructure of Sample B-T from the Interior 
Wall of the Inconel CRP Trap Showing Intergranular Attack. Etchant: 
Hydrochloric-nitric acid. lOOX. 
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into a l ow- carbon steel waste container . Pressures of approx 5 psig in the 

fluorinator were normally used to start the waste - salt flow . The salt then 

f l owed through the waste line by siphon effect (See Fig . 79 ) . The salt line 

reported here was used during the VPP L Runs 1- 9 and for a single transfer at 

the end of Run M- 64 . 

The subject waste - salt line was 3/8- in . sched- 40. Inconel pipe . The line 

was held at temperatures of 550-835°C for approx 22 . 5 hr and exposed to 

flowing molten salts for about 2 . 5 hr during the pressure transfers. 52 It was 

probable that residual salts remained in static contact with the interior wall 

of the piping for all operations . 

After Run M- 64) the piping was removed from the pilot plant) sectioned 

in nine places and specimens sent to BMI for corrosion analyses. Figure 82 

shows a schematic drawing of the waste line and the location of the specimens . 

Tabl e XXII lists the corrosion data establ ished at BMI by micrometer measure­

ments and metallographic examinations . Maximum wall- thickness losses of 

21 mi l s were found in specimen IX which was at the exit end of the waste- salt 

line . 

Metallographic examination of the s~ecimens showed slight intergranular 

attack of 1/2- mil penetration depth had occurred on the interior wall of all 

the sampl es with the exception of specimen IX . In the latter) a 3 . 5- mi l thick 

corrosion product layer was found on the interior surface of the specimen. 

Figure 83 shows the corrosion product layer and the subsurface structure . 

The product layer was spongy in character and similar in appearance to surface 

layers found on sections removed from early test Inconel freeze valves which 

had been in contact with NaFJ ZrF
4

J UF
4 

(50-1+6-4 mole %) at 650°C . (ref 53) 

Personnel at BMI suggested that the product layer mi ght be the result 

of selective leaching of chromium by the fused salt . They indicated that the 

appearance was quite similar to layers found on Inconel in contact with hydrogen 

f l uoride and fused fluoride salts where chromium leaching had been proven. 

Anal yses of the metallic spongy deposit found on sections removed from the 

Inconel freeze valve referenced above indicated considerable losses of chromium 

531 . R. Trotter and E . E . Hoffman) Progress Report on Volatility Pilot 
Pl ant Corrosion Problems to Apri l 21) 1957) ORNL- 2495) pp.l4=16 (Sept . 30) 1958 ) . 
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FROM FLUORINATOR .. 
24 in. 

21.5 
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30.5 
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UNCLASSIFIED 
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Fig . >52. Schematic Drawing of Inconel Waste Salt Line from VPP Fl uorinat or . 
Roman numerals indi cate l ocation of specimens removed f r om line for corrosion analyses . 
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Table XXII. Corrosion Loss Data for Waste- Salt Line 

Material: 3/8- in. sched- 40 Inconel pipe 

Distance from Top Wall Inter granular 
of Waste - Salt Thickness Penetration 
Container Losses a (Interior Surface)b 

(in.) (mils) (mils) 

191.5 4 2 

170 6 2 

159.5 4 2 

146 4 l 

110.5 4 l 

7 . 1 3 l 

40.5 3 l 

39 . 5 6 l 

0 21 0 

Total 
Corrosionc 

(mi l s) 

6 

8 

6 

5 

5 

4 

4 

7 

21 

aBased on metallographic measurements and subtracted from nominal 
original wall thickness of 91 mils . 

h . 
No lntergranular attack was observed on the outer surface of the pipe . 

cTotal corrosion equals the assumed original thickness of 91 mil s minus 
the measured sound metal remaining . 
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Fig. 83. Microstructure of Sample IX from the Interior Wall of Inconel 
Wante Sait Showing Corrosion Product Layer. 
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and iron in the corrosion product l ayer when compared with the nominal 

analysis of Inconel, i.e . , 0 . 41% Cr and 0 . 46% Fe in the product layer. 5
4 

Since air, probably containing water vapor, could enter the exit line 

at the point of preferential losses, the mechanism involved appears to be an 

effect of a strong oxidant in the f luoride salt contacting the Inconel . I n 

such cases, it has been reported that the nickel ion rapidly goes into 

solution and then is reduced by chromium resulting in leaching of chromium 

from the alloy. 55 

The attack described emphasizes the importance of preventing air and/or 

moisture from entering the f l uorination system. 

Absorbers 

The absorbers in the VPP are used to decontaminate the VF6 product by 

sorption and desorption on NaF beds . 56 Inconel was used for the construction 

of these vessels. 

Absorber Gas-Distribution Ring Failure. The Inconel gas- distribution 

ring in the first ab sorber failed during VPP operations . The failure was 

discovered after Run M-52 but is believed to have occurred during Run M- 47 . 

A schematic view of the absorber and the gas- distribution ring is shown 

in Fig. 84 . As shown on t he photographs, Fig. 85- a and -b, approx 3 in . 3 of 

Inconel was melted in an area roughly 180 deg from the junction of the dis ­

tribution ring and the inlet pipe . The me l ted area was about 5 in. l ong and 

the distribution ring was nearl y severed by this action . 

The fused salt visibl e in Fig. 85 - b around the metal nodul es which were 

formed as a result of melting was found by analyses to contain 4 wt % Cr as 

CrF
3

, 10 wt % Ni as NiF2, and 3 wt% U as UF4 . Process chemical s normally 

54 
Trotter and Hoffman, Op . Cit., P. 16 . 

55F . F. Blankenship , The Effect of Strong Oxidants on Corrosion of Nicke l 
Alloys by Fluoride Melts , CF-60-3-125 (March 30, 1960 ). 

56R. P. Milford, Engineering Design Features of the ORNL Fluoride 
Volatility Pilot Plant, CF-57-4-18, PP. 3-4. 
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UN CLASSIFIED 
ORNL-LR-DWG 49172 

/ GAS EXIT I GAS INLET 

VESSEL FILLED 
WITH NaF PELLETS 

Fig. 84 . Schematic View of VPP Inconel Absorber and Gas - Distri bution 
Ring I llustrating Area of Fai lure . 
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Unclassif'ied 
Y-23294 

Unclas s ified 
Y-23295 

Fig. 85. Photographs of Failed Region from the Inconel Gas-Distribution 
Ring of' Absorbe~ (a) Top View (b) Bottom View, Showing Molten and Recast 
Nodules and Adhering Salt. 
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present in this area of the absorber were NaF pellets, F 
2 

and UF 
6

. Table XXIII 

shows the prior history of the ring up to the time of faiiure. Three unusual 

plant operating procedures were a part of this prior history:57 (l) substitu­

tion of hydrogen fluoride for low temperature fluorine conditioning,(2) allowing 

fluorine to enter the absorber at approx 600°C rather than 375oC as specified 

in the standard operating procedures (the higher temperature was used to 

minimize hydrogen fluoride frpm the NaF and to reduce the sodium fluosilicate 

content of the NaF), (3) use of an accelerated cooling rat~ after desorption. 

Only (2) is felt to be pertinent toward causing the failure described. 

Metallographic examination and chemical analysis of the samples cut from 

the failed pipe, revealed only that the Inconel was normal in chemistry and 

microstructure. The microstructure was equivalent to as-received stock. The 

molten and recast nod~les exhibited a typical cast structure . 

. The Inconel gas-distribution ring appears to have failed as the result 

of ignition with fluorine. Ignition is believed to have been initiated by an 

unknown fore:i.e;n R1Jbstance, such as dirt or grease, introduced while the absorber 

was open. The failure points up the necessity for extreme cleanliness when 

handling fluorine. 

Inspection of Absorbers. Following fluorination Run L-9, the absorbers 

were visually inspected and thickness measurements taken wi-th a "Vidigage." 

The ultrasonic device was operated by members of the Nondestructive Testing 

Group of the Metallurgy Division. Results of those examinations are cited in 

Figs. 86 and 87. The maximum detectible losses found were approx 30 mils in 

the upper regions of the vessel, a rate of approx 0.06· mils/hr, based upon 

fluorine residence time. 

BF:LsP.c'l on these results, it is believed that the· vessels can continue to 

be used in pilot plant operation. 

57 -
F. W. Miles and W. H. Carr, Engineering Evaluation of Volatility Pilot 

Plant Equipment, CF-60-7-65 (September 30, 1960) pp,95-96. 
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Table XXIII. Exposure Hi.story for Absorber Containing Failed Inconel 
Gas-Distribution Ring from Absorber FV-120 

l. Twelve (12) absorption-desorption runs using NaF which typically 
included: 

a. Absorption at 65-l50°C; 2 hr 

F
2 

at ~ 15 standard liters/min 

b. Purge-sparge with N2 at 20 standard liters/min for 1.5 hr 

c. Desorption at l00-425°C; 12-14 hr. 

F 
2 

at ~ 18 standard liters/min 

1\ 
U.F' 6 + 3 NaF 

2. Vessel -was removed from service and left exposed while the remainder of 
the system was water washed, dried, and treated with F2 . Vessel was 
then placed back in service. 

3. One (l) special run whose purpose ~as preparation of NaF from NaHF2 . 

a. Purge-sparge with N2 at~ 3 s~andard liters/mi~ for 12 hT 

25-l25°C in 7 hr 
at l25°C for 5 hi· 

b. . ··Preparation of NaF under N2 at 3 standard liters/mi-n by 

NaHF2 
> ·I\ + ts. . 

NaF + HF I· < 

l25-600°C in 9 hr 
at 600°C for 4 hr 

at 635°C * c. Conditioning of absorber with F
2 

at ~ 15 st'anda:J;'d· liters/min for 0.5 hr 

* Failure is·· thought to have occurred at this time. 

), 
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Material: 

Shells - ~in. lncanel, railed plate 

Bottom - % in. lncanel, flat plate 

Service Conditions: 

NaF contact 
UF 6 contact 

Pressure 

, Absorption 

"-5000 hr 
"-400 hr 
"-310 kg 
<0.1 in. H20- 5 psig 

Wall temperature 
F 2 contact 

65-150°C 
"'100 hr 
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FV-120 
FIRST ABSORBER 

NaF PELLET 

GAS 
INLET 

BED LEVEL -"'""<: ...... e-lL 

"'100,000 std. liters FRONT VIDIGAGE 
READINGS TAKEN Desorption 

UNCLASSIFIED 
ORNL-LR-DWG 49173 

GAS 
EXIT 

THERMO­
WELLS 

Wnll tempernture 100-425°C 
ALONG THIS LINE--+1-H-'"fj'"': 

occasional excursion to 600°C 
F 2 contact "'400 hr 

Visual.1nspection 

Interior 

"'170,000 std. liters 

Shell -Covered with on adherent yellow-brown deposit 
except far the surfaces within 3 in. of the bottom. 
No defects visiule. 

Bottom- No cooling or defects visible. 
Welds -All beads visible appeared to·be in goad condition. 

Exterior 

Shell -Covered with a thin ulock adherent film, presumably oxide. 
Bottom -.Covered with o thin black adherent film, presumably oxide. 
Welds -All beads appeared to be in good condition. 

Vidigage Inspection: (Nondestructive Test Section operators expressed "no confidence" in front and 
back readings due to the wall deposit and operational difficulties.) 

Distance 1 

2 
5 
8 

10 
12 
15 

Girt~ 8 

Weld 20 
23 
25 
28 

Wall Thickness in Inches 

Location Remarks Front Series Bock Series2 

Neck 0.226 0.235 
Reducer 0.222 0.220 
Shell 0.236 0.224 
Shell 0.223 NA 
Shell. 0.230 NA 
Shell 0.236 NA 
Shell 0.240 NA 
Shell 0.238 0.235 
Shell 0.241 0.238 
Shell 0.242 0.240 
Shell 0.244 0.234 

1. In inches, from bottom of flange. 
2. These readings taken 180° from front series. 
3. Random readings, ±0.002 in. 

NA: Not Available 

Bottom Series 3 

0.370 
0.374 
0.370 

Fig. 86. nesults of Vicual and Vidigage Inspection on VPP First 
Absorber. 



Material: 

Shells - ~ in. lnconel, rolled plate 

Bottom - % in. lnconel, flat plate 

Service Conditions: 

NaF contact 
UF 6 contact 

Pressure 

Absorption 

"""3000 hr 
""'-250 hr 
"""200 kg 
<0.1 in. H20 - 5 psig 

Wall temperature 65-150°C 
F 2 contact """40 hr 

"""36,000 std. liters 
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FV-121 
SECOND ABSORBER 

NaF PELLET 

GAS 
INLET 

BED LEVEL--l--1......_1 

FRONT VIDIGAGE 
READINGS TAKEN 

UNCLASSIFIED 
ORNL· LR· DWG 49174 

GAS 
EXIT 

THERMO­
WELLS 

De.sorption ALONG-THIS LINE ..:......U...~-~ 

Wall temperature 100-425°C 
occasional excursion to 600°C 

F 2 contact """250 hr 

v·isual Inspection 

l~terior 

"""90,000; std. I iters 

Shell -Covered with on adherent .yellow-brown .deposit 
• except for the vessel neck and surfaces within 6 in. 

af the bottom. Th~ deposit appeared thin'ner than 
that noted for FV-120. No defects visible. 

Bottom- No coating or defects visible. 
Welds -All beads visible appeared to be in go.od condition. 

Exterior 

Shell -Covered with a thin black 'adherent film, presumably oxide. 
Bottom -·covered with a thin black adherent film,' presumably oxide. 
Welds -All beads appeared to be in good condition. 

.!: 
I!) 

N 

Vidigage Inspection: (Nondestructive Tes't Sectio;; operators expressed "no confidence" in front and 
back readings due to wall deposit and opera_t!onal difficulties.) 

Wall. Thicknes~ in .Inches 

Distance 1 Location Front Series Dock Seri e• 2 Bottom Series 3 

2 Neck 0.228 0.232 0.370 
5 Reducer 0.27.2 0.230 0.374 
8 Shell 0.220 0.230 0.372 

10 Shell 0.222 0.230 
12 Shell NA o.:i28 
15 Shell NA 0.228 

Girth--=-18 Shell NA 0.226 

Weld 20 Shell NA 0.230 
23 Shell 0.228 0.237 
25 Shell 0.232 0.240 
28 Shell 0.238 0.238 

1. In inches, from bottom of flange. 
2. These readings taken 180° from front series. 
3. Random readings, .±0.002. 

NA: Not Available 

Fig. ·87. Results of Visual and Vidigage Inspection on.VPP Second 
Absorber. 

, 
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Valves·· and Fittings 

Aside from sporadic leakage and some plugging by unidentified deposits 

of valves carrying UF
6

, valves and fittings in the VPP performed satisfac­

torily.57 Many screwed fittings carrying nitrogen were back-welded after 

various amounts of plant operational time to eliminate suchJeakage. 

Fluorine carrying valves of various body materials, i.e .. , Monel, nickel, 

Inconel, steel, types 316 and 347 sta.inless steel, brass, and copper, were 

welded or brazed into the associated piping. At temperatures greater than 

l50°C, only nickel and Inconel valves were in contact with fluorine under 

normal operating conditions. 

One failure, originally thought to be in a valve but later discovered 

to be in the adjacent fittings, has been selected for treatment here because 

of'the materials involved and their reaction to service conditions. 

Following Run L-4 in the _VPP, leaded, yellow brass valve fitttngs of the 

composition ~0-63% Cu-2.5-3-7% Pb-0.35% Max F~0.5% other-bal Zn (vendor's 

analyols) were removed from a nitrogen purge line, PE-34, he~ause of defective 

valve operation. 

The inlet side of the valve, a packless diaphragm-seal valve with an 

Inconel diaphragm, Duranickel stem point, and Monel body and trim, was placed 

in conjunction with the NaF absorber outlet piping which carried F2 and UF
6

• 

Under normal operating conditions, the valve was not in contact with process 

gases, but there was continuous nitrogen contact. The valve was shut only 

when nitrogen pressure was low and there was the possibility of process gases . 
diffusing past the valve to the instrumentation units. 

During the early L-runs, persistent system plugs and low pressure in the 

nitrogen line probably permitted F2 and UF
6 

to contact the valve and its 

fi ttj_ngs for an unknown period of time. The operating service time on the 

valve and its fittings was approx 6 weeks. 

Visual examination of the valve disclosed no obvious defects. Therefore, 

it was subjected to several times operating pressure (15 psig) by VPP person­

nel and found to function satisfactorily without leakage. The valve was 

subsequently pla~ed in stock to be used as an emergency replacement. 
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Visual observation of the fittings revealed that several components had 

ruptures ~~nning the complete length·of the walls. The fissures were normal 

to stresses induced during installation. Figure 88 and Table XXIV show and 

describe the defects noted. Metallographic examination of the fittings re­

vealed the cracks to be intergranular in nature. Dezincification apparently 

occurred along the inside· edges of the fissures, as evidenced by copper-rich 

deposits which lined the fissures. (See Fig. 89.) Copper deposits wer~ also 

evident in several grain boundaries radiating outward'from the flaw. ceneral 

corrosive attack was noted on the outside. of the inlet union, Fig. 90. 

Although all evidence i:ndicate::; that failure was by selective inter­

granular dezincification, the_ stresses induced during installation were believed 

to have provided a strong directional driving force. 1be use of stock Monel 

fittings, because of· its increased corrosion resistance, was recommended for . , 

.1,1se in the environment described~ 

The ass,9c~ated Monel valve was found to be in good operating condition, 

app~ared sati·sfactory, and· can continue to ·be used for the mentioned service 

·cqndi tions. 

" This failure s~rves to point out the necessity for constant vigilance in 
.:.':.1·.• 

·);:selecting materials and components for a highly corrosive process scheme. 

j';I'his· includes the selection of piping and .joining couples which should, if at 

all ~ossible, match ~he components in corrosion-resistant properties. 

Fluorine Disposal System 

Excess fluorine and nitrogen from the VPP have been disposed of by co­

current contact wi·th an aqueous KOH solution in a gas-d~sposal unit. (See 

Figs. 79 and 91~) The KOH solution was prepared in a caustic surge t~, 

shown in Figs. 79 and 92, to a co:ncentration of ~10% KOHand. pumped to the 

disposal unit. The caustic solution was then sprayed into the di'sposal unit 

as,the excess process gases entered the vessel. Fluorine in the waste gases 

formed p:otassium fluoride in water solution according to 

2F2 + 2KO:H ·----> F20 + 2KF + H20 

F20 + 2KOH ----> .2KF + 02 + H
2

0 ... 
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Fig. 88 . Photograph of Gas Purge line (PJ:-34) Valve and Attached Fittings . (Note 
f ractures in inlet union, inlet nut, and inlet front ferrule.) 
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Table XXIV. Defects Found in Leaded Yellow Brass Fittings 
Subjected to F

2 
and UF6 

Part Name 

Union 

Hex Nut 

Front Ferrule 

Back Ferrule 

Union 

Location Defect 

* Inlet side of valve Wall fracture through threaded end 

Inlet side of valve 

Inlet side of valve 

covered by hex nut. Fracture extended 
through hex body and part of opposite 
threaded end . 

* Wall fracture running entire length of 
ferrule. 

* Wall fracture running entire length of 
ferrule. 

* Inlet s ide of valve Crack partiall y t hrough wall. 

Wall fracLure partially through threaded 
end covered by hex nut. (Not shown in 
Fig. 88 because of photo orientation. ) 

* All fractures and cracks were essentially in line with one another (see 
Fig. 88 ). 
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Fig. 89. VPP Leaded, Yellow Brass Inlet Back Ferrule Showing Intergranular 
Fracture Lined with Copper-Rich Deposits Indicative of De zincification. 
Etchant: NH40H-~-~o. 250X. 
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Fig. 90. VPP Leaded, Yellow Brass Inlet Union Showing General Corrosive 
Attack. Etchant: NH40H-H2o2-R2o. lOOX. 

• 
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FV-150 
GAS 01SPOSAL UNIT 

Material: 

Shells- ~in. Monel, rolled sheet 

Heads- 3;16 in. Monel 1 flanged arld dished 

Service Conditions: 

Excess F 2 with N 2 from processing passed in co-current con· 
tact with 2-10% KOH in tower at 0.5 cfm. Discharged at 

a concentration of 2% KOH, 5-15% KF. 

Circulating 

Not circulating 

T emperoture 

Pressure 

Vi sua I Inspection 

Interior 

~ sooo hr 
~ 8000 hr 

35- 55° ( occasional excursions to lOOOC 
0.1 ;n. H20 

Could not be inspected at this time. 

Exterior 

Shell -Covered w1th on adherent green depo:.it. Nv defe,ts 
visible. 

Head - Covered with on adherent green deposit. No de­
fects vis ible . 

Weld:s -All appeared to be in good condition. 

Vidigoge Inspection 

Wall Thickness in Inches_. 

SHELL SHELL SHELL 
Oi stance 1 Circumferential 

Series 2 
lnter-KOH Nozzle 

Series 
F 2 Inlet-Impingement 

Series 3 

0.119 
0.118 
0.118 

9 0.124 
0.126 
0.125 

24 0.130 
0.129 
0.128 

39 0.125 
0.127 

54 0.130 
0.129 
0.127 

69 0.127 
0.129 

84 0. 128 
0.129 
0.120 

99 0. 130 
0.129 

0.118 
0.118 
0.119 

0.125 
0.126 
0.125 

0.125 
0.127 
0.130 

0.126 

0.126 
0.128 
0.129 

0.129 

0.128 
0. 128 
0.12? 

0.128 

No. 1-2 
0.1:1~ 

0.126 
0.127 
0.127 

No. 2-3 
0.128 
0.128 
0.126 

No. 3-4 
0.124 
0.128 

No. 4-5 
0.129 
0.128 

No . 5-6 
0.124 
0.125 

0.126 
0.126 
0.127 
0.126 
0.127 
0.127 
0. 128 
0.128 
0.128 
0.128 
0.128 
0.129 

UNCLASSIFIED 
ORNL- LR- OWG 49175 

--- KOH INLET 
TOTAL OF SIX 

NOZZLES, 15-in. OC 

HEAD 
Series 

Dished Top 
0.102 
0.184 
0.184 
0.186 
0.183 
0.182 

Flanged Side 
0.185 
0.184 
0.189 

0.190 
0.189 
0.186 

KOH DRAIN TO 
SURGE TANK 

1. Distance, vertically down, in inches starting at top head to shell weld- reference only to shell 

circumferential series. 
2. ReuJin~~ Iuken at 60ctor 1200; rotnte~ "-' ?()0 fnr eqch sv~;ce~siye qroup. 

3. Reading~ at 1 in. interval~ ~tnrting 13 in. below the head to shell weld 180° from F 7 inlet. 

4. All readings, ±0.002 in. 

"F'i e; . 9 1 . RP.Fmlts of Visual and Vidigage Inspection on VPP Gas 
Disposal Unit. 



Material: 

Shells- '!-16 in. Monel, rolled sheet 

Heads- 'l-16 in. Monel, flanged and dished 

Service Conditions: 

Continually ~3 -~2 full of 2-10l7, KOH with F­
present. (One area subject to agitation) 

Circulating 
Not circulating 

Temperature 
Pres sure 

Vi$uol Inspection 

Interior 

~ 5oco hr 
~ sOC() hr 

25-55° C 
Atmospheric 

Could not be inspected at this time. 

Exterior 

UNCLASSIFIED 
ORNL-LR-OWG 49176 

VI DIG AGE READINGS TAKEN 

ALONG THESE LINES 

/ ' FRONT BACK 

1 

1---24 in . 
Shell -One end covered with on adherent green deposit. No defects noted. 
Heads - Both heads covered with an adherent green deposit. No defects noted . 

Welds -Al l beads appeared to be in good condition. 
1------------ 94 in. 

Vidigage lnsection 

Distance 1 

Top 
5 

10 
14 
18 
22 
26 
30 
34 

Bottom 

Wall Thickness in lnches2 

Front Ser1es Remorl(s Back Series Remarks 

0.189 
0.190 
0.188 
0.187 Longitudina l 
0.187~ weld here 

0.19D-
0·191 Agitation 
O. 19 oreo 
0. 189 
0.189 

0.194 
0.195 
0. 196 
0.196 Longitudinal 
0.197 ~ weld here 
0.196 
0.195 
0.195 
0.194 
0.194 

l. Distance, in inches, circumferentiolly from top of shell. 
2. All readings, ±0.002 in. 

FV-152 
SURGE TANK 

WELDS • cuw. 

Fig. 92. Results of Visual and Vidigage Inspection on VPP Surge 
Tank. 

tp 
0 
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which subsequently was discharged as chemical waste while the nitrogen re­

maining in the excess gases was exhausted to the atmosphere. The entire 

fluorine disposal system was fabricated from Mbnel. 

After VPP Run L-9, visual and ultrasonic thickness measurements were 

taken on the gas-disposal unit and the surge tank to ascertain their suita­

bility for additional VPP service. The respective service conditions for 

the two vessels and the results of those inspections are presented in 

Figs. 91 and 92. A maximum wall-thickness loss of 5 mils was found near 

the top head of the gas-disposal unit while no detectable metal losses were 

found in the surge tank. 

Previous studies have indic:=tted that. heavy corrosive attack can occur 

on the process gas inlet pipe inside the gas-disposal unit. 58 Therefore, an 

inlet pipe fabricated from l-in. sched-40 Monel pipe in service for approx 

4900 hr was removed from the disposal unit and subjected to visual and metallo­

graphic examination. Figure 91 shows the location of the gas inlet pipe. 

Visual examination of the exterior of the pipe inlet disclosed the 

presence of two holes, approx 1/32 in. and 3/32 in. in diameter, respectively, 

on the upper half of the pipe. The holes completely penetrated the pipe wall 

and were 1-1/2 in. and 2-1/2 in. from the exit end of the pipe. Inspection 

of the interior of the nozzle showed an extremely rough surface and a severe 

-pitting attack extending from the end o:t' the nozzle inwards for approx 3 in. 

A white crystalline deposit encircled the interior at a point 4 in. from the 

end of the pipe. Subsequent x-ray diffraction analysis indicated this deposit 

to be wholly KHF2 . 

Metallographic examination of sections removed from the pipe showed a 

roughened surface and metal losses concentrating in circular cavities but no 

evidence of intergranular attack. The holes described above were simple ex­

tensions of the localized attack. Figure 93 shows a magnified view of the 

pipe sectioned through the center of the largest hole found in the inlet pipe. 

A photomicrograph of the surface at the base of one of the pits is shown also 

in this figure. 

581. R. Trotter and E. E. Hoffman, Progress Report on Volatility Pilot 
Plant Corrosion Problems to April 21, 1957, ORNL-2495 (September 30, 1958 ). 
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Fig. 93. Cross Sections of Gas Disposal Unit Inlet Pipe (a) Photomacrograph 
Showing Severe Pitting Attack. 15X. (b) Portion of Fig. 93A showing typical 
surface at base of pit. 500X. Etchant: Acetic-nitric-hydrochloric acid. 
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Corrosion seemed to have been directional from the interior toward the 

exterior of the pipe. Examination of the fluorine-nitrogen entrance end of 

the pipe disclosed no noticeable or measurable attack. 

Intermittently during operations, the gas-inlet nozzle plugged (presum­

ably by KF and/or KHF
2 

deposits) and this condition occurred.with such 

frequ~ncy during the "E" and early "L" runs that a secondary nozzle was in­

serted in pYace of a lower KOH inlet. Examination of this secondary nozzle, 

which had approx 100 service hours, disclosed a very slight attack similar 

to that found on the primary pipe. 

The presence of KHF2 inside the main gas-inlet pipe is believed to 

occasion the high localized corrosion found in that component. It would 

appear that an easy way for KHF
2 

to form in the pipe would be by the alkali 

deficient reaction of KOH with HF.as 

2HF + KOH ----'> KHF
2 

+ H
2
0. (ref 59) 

The formation of hydrogen fluoride seems possible from the reactions of 

fluorine monoxide or fluorine with the available water of solution present. 

Investigators have reported the hydrolysis reaction of F
2

0 

to be very slow at ordinary temperatures but a steam-Ff)O reaction occurs so 
'o ,_ 

rapidly that it can be considered explosive.b For reasons unknown, there-

action of fluorine with water has been reported as not always occurring. 61 

One source has indicated that fluorine reacts with water easily, giving oxygen 

mixed with ozone, hydrogen peroxide, and other oxidiz~ng substances·. 62 

If hydrogen fluoride is present in the gas-inlet pipe, then the high 

degree of localized attack on the nozzle may be explained as the result of 

59G. I. Cathers, Chern. Tech. Div., ORNL, :Private communication. 
60A. B. Burg, "Volatile Inorganic Fluorides," Fluorine Chemistry· (ed. ·by 

J. H.· Slmuns) p.83, Academic Press, New York, 1950. 
6~. Landau and R. Rosen, "Industrial Handling of Fluorine," Preparation 

Properties and Technology of Fluorine and O~ganic Fluoro Compounds (ed. by 
C. S. Lesser and S. R. Schram) NNES VII-I,p.l54, McGraw-Hill, New York, 1951. 

G2N. W. Sidgwick, The Chemical Elements and Their Compounds, Vol. II, 
~ 1101, Oxford University Press, London, 1950. 
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hydrogen fluoride corrosion highly accelerated by the presence of oxygen. 

Also, at particular concentrations of hydrogen fluoride in water, close to 

the·azeotropic composition .(38 wt %),one investigator has reported corrosion 

.rates on Monel of 145 mils/yr at l20°C. (ref 63 ) It may be that. either or 

both of these reactions may be responsible for the iocalized attack described. 

Considering t4e easy replacement of ~he gas-inle_t nozzle and the major 

corrosion problems· -remaining to be solved in the VPP, no development work 

has been plarined toward finding an improved material of construction. 

Process Gas Lines 

Sections of Monel pipe and copper tubing near the VPP absorbers, chemi­

cal traps, and cold.traps were removed from the process gas piping ;:;ystem. 

after. Run M-64 and sent to BMI for corrosion analyses. A schematic ~awing 

showing_the location of these sections is presented in Fig. 94, ·and a descrip­

tion of the piping and the individual process environments can be found in 

Table' XXV. 

The wall thicknesses of the sections were measured by BMI and no indica­

tion of.significant metal losses were found. The metallographic examinations 

co.nducted on the specimens disclosed. no serious corrosive attack. Almost all 

of" .. the specimens showed isolated pitting but the pits vere less than one grain 

deep. Slight indicatio'n of selective attack at the grain boundaries was 

observed on specimens 1-l, 1-2, l-3, 2, and 3 which were located close to the 

absorbers and the first cold trap. However, .the intergranular attack was 

never deeper than one grain, and for the most part, was less than l mil deep. 

6~- ' 
~. Z. Friend, "Nickel-Copper Alloys," Corrosion Handbook (ed. by 

. H. H. Uhlig) p .. 273, John Wiley and Sons, New York, 1948. 

/ 
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Fig. 94. Diagrammatic Flowsheet Showing Locat.ion of Process Gas Line Specimens 
Removed from the VPP System. 
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.TABLE XXV. LOCATION, DESCRIPTION, AND EXPOSURE CONDITIONS FOR SPECIMENS FROM PROCESS GAS LINES 

Exposure 
Specimen Description 

Fused-Salt Cooling After Product Rem~val Number Location Material Fluorination-UF 
6 

Desorption 
De sport ion 

Sorption 

1-1 Ahead of first absorber 1 ~and 1 ~in; sched-40 200 hr, 11 0-140°(, . 350hr, 110-140°(, 350 hr, 11 0-140°C, None 
1-2 Monel pipe F 2 and UF 

6 
(30 hr F2 N2 

1-3 with 90% UF 
6

) 

2 Outlet from second 11 . sched-40 Monel pipe 200 hr, 75-150°(, 350 hr, 75-350°C, 350 hr, 75-350°(, None ~ 1n. 
absorber F2 F i and UF 6 N2 

3 Inlet to first cold trap r~ and 1 in. sched-40 Monel 200 hr, 140-165°(, 350 hr, 140-165°(, 350 hr, 140-1656 C, 190 hr, 140·1~5°C, 
pipe; 90 deg 'ell' and reducer F2 f 2 and UF 6 N2 0-55 psi a, ·UF 

6 

4 Outlet from first cold ~in. sched-40 Monel pipe 200 hr, 110-135°(, 350 hr, 11 0-135°(, 350 hr, 110-135°(, 190 hr, 110-135°(, 1-' f 
trap F2 F2 N2 0-55 psi a, UF 6 

CP 
0\ 

5 Bypass valve of ·second Y2 in. sched-40 Monel pipe 200 hr, 11 0-135°(, 350 hr, 110-135°(, 350 hr, 11 0-135°(, 190 hr, 110-135°(, 
·cold trap F2 F2 N2 0-55 psi a, UF 6 

6 Ahead of chemical trap ~and 1 in. sched-40 Monel 200 hr, 1 00-150°(, 350 hr, 100-150°(, · 350 hr, 1 00-150°C, 190 hr, 100-150°(, 
pipe; straight :'T' reducer and F2 F2 N2 0-55 psia, UF 

6 
90-deg 'ell' 

7 Outlet from chemical 1 in. sched-40 Monel pipe 200 hr, 35-60°(, F 2 350 hr, 35-60°(, 350 hr, 35-60°(, None 
trap F2 N2 

3 in. copper tubing None None None 190" hr, 66-100°C, . 
8-1 Inlet side of product 'a 
8C2 receiver 

UF 6 

8-3 

9-1 Outlet side of product \in. copper tubing None None None 190 hr, 66-100°(, · 

9-2 receiver UF 6 
9-3 

( 
~~~ ~ 
ij. 

~. . , J :_ . 
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