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CONSTRUCTION MATERIALS FOR THE HYDROFLUORINATOR 
OF THE FLUORIDE-VOLATILITY PROCESS 

P a u l D . Mi l l e r , Cha r l e s L . P e t e r s o n , Oliver M. Stewar t , 
E l m e r F . Stephan, and F r e d e r i c k W. Fink 

Fuel elements clad with zirconium, or containing zirconium as a diluent, 
can be recovered hy a fluoride-volatility process. The first step consists of hydro­
fluorination of the elements in a bath of molten fluoride salts using an HF sparge. 
In this case the two salt systems considered were NaF-ZrF^ and NaF-LiF. Nine 
materials were evaluated at Battelle for possible use in the construction of this 
hydrofluorinator: Inconel, M* Nickel, copper, silver, Monel, Hastelloy B, 
Hastelloy V, INOR-1 and INOR-8. The metals were exposed to molten fluoride 
salts through which HF was bubbled continuously. 

The data indicate that the NaF-LiF systems are much more corrosive 
than the NaF-ZrF. system. The systems are most corrosive when the alkali 
fluoride component is high. An elevation in temperature increases the corrosion 
significantly as does an increase in the HF flow rate. Hydrogen in the HF flow 
stream retards the corrosion of the sodium-zirconium salts significantly, but 
appears to have less effect on the sodium-lithium systems. 

The areas at the interface of the liquid and vapor phases were most 
seriously damaged under the exposure conditions usually used. However, 
appreciable reduction in attack was experienced when zirconium was actually 
hydrofluorinated. 

INOR-8 was the most promising of the materials evaluated. 

I N T R O D U C T I O N 

A cons iderable amount of developmient work has been done at ORNL and ANL on a 
f luor ide-vola t i l i ty p r o c e s s for r ecover ing uran ium from spent fuel. In the f i r s t step in 
this p r o c e s s , the fuel e lements a r e dissolved by hydrofluorination in a mol ten f luor ide-
salt bath using an HF s p a r g e . 

As might be expected, the se lect ion of container m a t e r i a l s capable of wi ths tand­
ing the co r ro s ive at tack of these operat ing conditions is an impor tan t p a r t in the 
successful developmLcnt of the p r o c e s s . An evaluation programi for such m a t e r i a l s was 
c a r r i e d out as a p r o g r a m of a s s i s t ance to the Chemical Technology Division of ORNL. 

EXPERIMENTAL WORK 

Gene ra l P r o c e d u r e 

Candidate m a t e r i a l s w e r e evaluated under conditions s imulat ing as nea r ly as 
poss ib le those that m.ight exist in an actual hydrof luor inator . F igu re 1 is a schemat ic 
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FIGURE 1. SCHEMATIC DIAGRAM OF CORROSION TEST ASSEMBLY 
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d iag ram showing the a r r a n g e m e n t of the appara tus used . The objective was to expose 
m e t a l s to mol ten fluoride sa l t s at elevated t e m p e r a t u r e s while sparging with purified 
H F . The cylinder furnishing the gaseous HF was i m m e r s e d in an oven the rmos ta t t ed 
at 38 C. The oven and tank w e r e placed on a pla t form balance so that HF consumption 
could be followed. Special t h e r m a l f l owmete r s , supplied by ORNL, w e r e used to m e a s ­
u r e the gas flow. The flow was adjusted by a Hoke No. M343 Monel va lve , which has a 
special 1-deg taper at the closing cone. Both the valve and f lowmeter w e r e placed in a 
sma l l oven main ta ined at 82 C. 

The gas was passed through a nickel tube , about 3/4 in . in d iamete r and 18 in, in 
length, filled with n ickel turnings and heated to 600 C in an a t tempt to scavenge sulfur 
compounds. 

F r o m the purif icat ion furnace , the gas was pas sed beneath the surface of the 
mol ten sal t in the conta iners and allowed to bubble up pas t spec imens inse r t ed at 
va r ious loca t ions . 

The effluent gas was pas sed through a copper t r ap and then through a ba t t e ry of 
polyethylene bubble bot t les containing m i n e r a l oil to prevent back-diffusion of a i r . 
Leaving the bubble bot t les the gas was p a s s e d over the surface of an aqueous KOH 
solution held in a l a rge (10 gal) polyethylene bot t le , where it was la rge ly absorbed . All 
inlet l i n e s , ex te rna l to the container a s s e m b l y , w e r e n icke l . All valves w e r e Monel . 
Effluent l ines w e r e copper or polyethylene. Thermocouples w e r e Chrome l -Alume l . 
Swagelok fittings pe rmi t t ed ra i s ing and lowering the thermiocouples and sparge tube 
through the sal t as d e s i r e d . Two or th ree complete assenabl ies w e r e usual ly avai lable 
so that s eve ra l exper iments could be run s imul taneously . 

The f i r s t s tudies were made in Inconel conta iners furnished by ORNL. F igure 2 
shows the d imensions of these conta iners and the method used for mounting a single 
specimien. In these studies the spec imens w e r e cut into 2- in, lengths f rom welded tubes 
made from the m a t e r i a l being evaluated. They w e r e mounted at the end of the sparge 
tube in such a manne r that the gas bubbles would sweep over the inner surface of the 
tube. A slot cut in the end of the tube a s s u r e d a fixed posit ion at a l l t i m e s . These 
w e r e called gas - impingement spec imens . 

Nine runs w e r e m a d e with these conta iners and it was apparent that enough 
"snow" (presumably ZrF4) was c a r r i e d in the effluent s t r e a m to cause plugging of the 
l ines at varying i n t e r v a l s . The conta iners w e r e then modified by removing the i r top 
sect ions and welding on each a 12-in. length of Inconel pipe of the same d iamete r as 
the bot tom. The top sect ion was flanged, baffled, and wa te r cooled. This a r r a n g e m e n t 
e l iminated c a r r y - o v e r of snow to the effluent l ines and pe rmi t t ed operat ion for 1000 hr 
at a t ime . 

The p r e l im ina ry studies showed that Inconel was appreciably at tacked by the 
N a F - Z r F 4 sys t em. Six new conta iners w e r e then cons t ruc ted from Hastel loy B , which 
other exper ience with fluoride sa l t s indicated would be r e s i s t a n t to co r ros ion . 
F igu re 3 is a drawing giving the dimensions of such an a s s e m b l y . F igu re 4 is a photo­
graph of an empty conta iner and c l o s u r e . The exit a r m was packed with clean copper 
wool to t r ap any "snow" which might pa s s the baffle or cold wal l of the conta iner . The 
cylinder connected to the exit a r m was m a d e from copper and was placed in the c i rcu i t 
to t r ap the smal l amount of azeo t rop icHF-HzO which usual ly fo rmed . The nickel baffle 
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Nozzle schedule 
Nozzle 

A 
B 
C 

Service 

Thermocouple well 
Gas outlet 
Gas inlet 

I Radius 

Legend 

I-Inconel pipe, 4" NPS, schedule 4 0 , 
13 4 long. 

2 - Inconel plate, ~ x 4 ^ 0 D, 2 required. 

3-Tube, I 0 D X 0.035" wall thickness, 

4-Pipe, T 'NPS, schedule 40, 4^ ' long. 

5-Pipe, ™ NPS, schedule 40, 2 | ' long. 

6-Pipe, I NPS, schedule 40, 2 | ' long. 

7-Adapter, £ NPS x | ' 0 D tube. 

8-Adapter, | " NPS x | " 0 D tube. 

9-Unlon, l" N P S - 1 2 5 * std. 

to-Reducing bushing, f" x | NPS. 

Il-Adapter,-^ NPS male x ^ 0 D tube. 4 

12-Impingement specimen. 

FIGURE 2. INCONEL-CONTAINER DESIGN AND METHOD FOR MOUNTING 
THE SPECIMEN 
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Nozzle schedule 
Nozzle 

A 
B 
C 
D 

E 

Service 

Thermocouple 
Thermocouple 
Gas inlet 
Pressure differential 
transmitter, and 
emergency exhaust. 
Baffle tube 

Legend 

I-Hastelloy B pipe 4" NPS, 
schedule 10, 26" long. 

x 4 | 2-Hastelloy B plate 
0 D, 2 required. 

3-H,p8telloy B plate (flange) 
^ flange plates 7" 0 D, 
2 required. 

4-Hastelloy B pipe 4 " NPS, 
schedule 10, 4 " long-

5-Hastelloy B pipe^ l" NPS, 
schedule 40 , 2" long. 

6-Monel adapter, ^ NPS 
male x | 0 D tube, 5 
required. 

7-Copper ^ tubing cooling 
coils, brazed to tube wall. 

i" 
8-Baffle plate, 3 | diameter 

X 0.045" thick. 

9- Polyethylene gaskets. 

lO-Cpupon specimen support 
I ' o D, Hastelloy B tube 
with Inor 8 wire hooks. 

I- Impingement specimen. 

12-Off-gas exhaust. 

13-Hostel Icy W tube, ^ 0 D 
X 0.035" wall thickness. 

FIGURE 3. DESIGN DETAILS OF HASTELLOY B CONTAINER 
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FIGURE 4. HASTELLOY B CONTAINER AND CLOSURE SHOWING GAS-IMPINGEMENT SPECIMEN 
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plate was normal ly used at a lower posit ion than shown in the photograph. It was 
usual ly placed about 4 in. above the sal t l eve l . 

F igu re 5 shows two a s semb l i e s in operat ing posit ion in the e lec t r i c fu rnaces . 
F i g u r e 6 i s a photograph of the complete a r r a n g e m e n t f rom HF tank to f lowmeter , p u r i ­
fication furnace , co r ros ion a s s e m b l y , bubble bo t t l e s , and KOH a b s o r b e r s . 

Co r ros ion Resul t s 

The ini t ial s tudies w e r e m a d e in Inconel conta iners loaded at ORNL to a depth of 
about 7 in. with an equimolar mix tu re of NaF and Z r F 4 . 

The sal t was mel ted under an a tmosphe re of n i t rogen and the thermocouple well 
and sparge tube holding the specimen w e r e i m m e r s e d . The HF flow was s ta r ted and, 
after about 2 h r , the n i t rogen flow was stopped. The p rocedure was r e v e r s e d at the 
conclusion of the run. 

Following exposu re , the spec imens w e r e f reed from adhering sal t by soaking in 
boiling 2.5 w / o ammonium oxalate solution. 

Severa l m a t e r i a l s w e r e evaluated in this s e r i e s of expe r imen t s . Table 1 l i s t s 
the cor ros ion r a t e s for these m a t e r i a l s calculated from weigh t - loss m e a s u r e m e n t s and 
from m e a s u r e m e n t s of the amount of sound m e t a l as revea led by meta l lography . 

It can be seen that Inconel , "A" Nickel , and Monel showed re la t ively high c o r r o ­
sion r a t e s . Hastel loy W, INOR-1 , and INOR-8 w e r e much m o r e co r ros ion r e s i s t a n t . 

Inconel 

Meta l lograpMc sect ions of Inconel spec imens showed that select ive leaching 
occu r r ed on the outer l aye r s of the m e t a l . The th ickness of this layer was d i rec t ly 
re la ted to the length of t ime the spec imen was exposed to HF in the fused sa l t . 
F i g u r e 7 shows photomicrographs of sect ions from the tubes used for t h ree of the e x ­
p e r i m e n t s . As would be expected, the c o r r o s i o n r a t e s calcula ted f rom the sound m e t a l 
shown on the meta l lographic specimen w e r e much higher than those obtained from 
weight - loss m e a s u r e m e n t s (see Table 1). 

In Run 11 , the Inconel tube supporting the INOR-1 specimen was severed by 
co r ro s ion after about 430 h r . The spec imen and Inconel tube w e r e covered at random 
with c lumps of me ta l l i c c r y s t a l s . F i g u r e 8 shows a por t ion of the sparge tube and s e c ­
t ions of the m e t a l c r y s t a l s adher ing to i t . The excess ive select ive attack on the Inconel 
can a lso be seen . Chemica l analys is showed that the m e t a l c r y s t a l s w e r e 93 .5 w / o 
nickel and l e s s than 0. 1 w / o ch romium. The r e m a i n d e r was probably composed of 
oxides of the m e t a l s p r e s e n t . An analys is of a port ion of the Inconel tube showed s e l e c ­
tive leaching of the ch romium. The ana lys i s showed 77 .7 w / o nickel and 7. 6 w / o 
ch romium. 

The salt was dra ined from the m e l t container and the container was sawed into 
q u a r t e r s . F igu re 9 shows the appearance of one of the bottom p i e c e s . It can be seen 
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TABLE 1. RESULTS FROM FLUORIDE-VOLATILITY RUNS CONDUCTED IN INCONEL CONTAINERS 

Equimolar NaF- ZrF48 650 C, lOg per hr HF 

Run 

1 
2 

3 

4 

5 

6 

7 

9 

10 

11 

12 

13 

14 

Container 

3-1 

3-1 

3-1 

6-1 

5 -1 

2-1 

4 - 1 

1-2 

4 - 1 

1-2 

5-2 

5-2 

5-2 

Exposure 

Time, hr 

36 

96 
2 

24 

250 

250 

192 

8 

1000 

430 

64 

24 

186 

Specimen 

Material 

Inconel 

Inconel 
Inconel 

Inconel 

Hastelloy W 

lNOR-8 

"A" Nickel 

Copper 

Monel 

INOR-1 

INOR-8 

INOR-8 

INOR-8 

Corrosion Rate Determined by 
Method Shown, 

Weight Loss 

14 

22 

2 .0 

39 

Gam 80 mg 

0.09 

8.9 

— 

5 .2 

— 

--

--

1.5 

mils per month 

Metallogiaphic 
Section 

120 

85 
1400 

- . 

3.6 

1.0 

6 .8 

— 

4 . 6 - 9 . 2 

None 

0.6 

. . 

1.8 

Remarks 

Selective leaching 
Selective leaching 

Leaching proportional to 
exposure t ime 

--

Some mtergranular attack 

Some mtergranular attack 

Intergranular attack 

Immersion plate 

Selective attack 

Crystal deposition 

Crystal deposition 

Few crystals 

No crystals 



2-1/2 mils 

| \ ' 

•J I 

5-3/4 mils 9-1/2 mils 

250X C324 2B0X C321 250X C322 

Run 3, 2 Hr Run 1, 36 Hr Rm 2, 96 Ht 

FIGURE 7. PHOTOMICROGRAPHS SHOWING SECTIONS OF INCONEL SPECIMENS EXPOSED TO EQUIMOLAR NaF-ZrF4 AT 650 C WITH HF SPARGE 
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Approx. IX N47008 

FIGURE 9. BOTTOM SECTION OF INCONEL CONTAINER AFTER RUN 11 
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that a l aye r of me ta l l i c c r y s t a l s was deposited around the inner sur face . This layer 
reached a max imum th ickness a t about 7 in. f rom the bottom of the container and at 
about 4 . 5 in . down f rom the liquid l ine . It should be noted that the sal t level was higher 
than n o r m a l in this conta iner . A cons iderable amount of s ludge, probably raeta l 
c r y s t a l s , r ema ined i n t e r s p e r s e d with sal t in the bottom section of the conta iner . 

"A" Nickel 

Specimens of "A" Nickel (Run 7) showed a co r ros ion r a t e of a lmos t 10 m i l s per 
month . The at tack was i n t e r g r a n u l a r . F igure 10 shows photomicrographs i l lus t ra t ing 
the at tack which o c c u r r e d a t 192 and 1000 h r . 

Copper 

Resul t s for copper w e r e inconclusive because a me ta l l i c coating was deposited on 
the copper specimen during the exposure . The outer por t ion of this layer was soluble 
in n i t r i c acid and gave a conf i rmatory t e s t for n ickel . No confirmation for chromium 
was obtained on a port ion soluble in hot hydrochlor ic acid. As shown by the photo­
m i c r o g r a p h in F igu re 11a, this mLetallic layer was approxinaately 0 .5 mi l thick. It can 
be seen that g ra in growth occu r red in the copper specimen during exposure . 

Hastel loy W 

In g e n e r a l , Hastel loy was quite r e s i s t a n t to a t tack . F igu re l i b shows that some 
in t e rg ranu la r at tack was found after an exposure of 250 h r . However, subsequent work 
in which 1/4-in. Hastel loy W tubes w e r e used for thermocouple wel ls and sparge tubes 
indicated that it was much m o r e r e s i s t a n t than Inconel or n icke l . 

Monel 

A Monel spec imen held on a Monel spa rge tube was exposed for 1000 h r . At some 
t ime during the exposure pe r iod , the sparge tube was seve red by cor ros ion at the bent 
a r e a . The penet ra t ion r a t e would be 25 m i l s pe r month if calculat ions were based on 
about 1000 h r . The spec imen tube showed a penet ra t ion r a t e of 5. 2 mi l s per month 
based on weight l o s s . M e a s u r e m e n t s made from the mic rosec t i on show a penetra t ion 
of 9. 2 mi l s pe r month at the a r e a swept by the gas and 4 . 6 m i l s per month at o ther 
a r e a s . F igure l i e includes a photomicrograph of a sect ion of the Monel sparge tube 
after 1000 hr of exposure . It can be seen that se lect ive at tack and roughening occur red 
at the surface during exposure . 

Si lver 

Specimens of sheet s i lver w e r e exposed in equipment m a d e from Hastel loy B . 
Table A-2 in the Appendix shows the cor ros ion data obtained. Pene t ra t ions of about 7 
to 9 m i l s per month w e r e obse rved , based on weight-change va lues . Some difficulties 
w e r e encountered because of m a s s t r ans fe r of s i l ve r . C rys t a l s of the m e t a l w e r e d e ­
posi ted on other co r ros ion spec imens and at va r ious a r e a s throughout the conta iner . 
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As Received 

• 

C367 250X 
I 

C366 

Nickel Impingement Specimen After 192 Ht 
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500X C419 

Nickel Thermocouple Tube Showing Intergranular 
Attack After 1000 Hr 

FIGURE 10. PHOTOMICROGRAPHS SHOWING INTERGRANULAR ATTACK OF NICKEL 
EXPOSED TO EQUIMOLAR NaF-ZrF4 AT 650 C 
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Sparge Tube After 1000 Hr C420 

FIGURE 11. PHOTOMICROGRAPHS SHOWING SECTIONS OF SPECIMENS EXPOSED TO EQUIMOLAR 
NaF-ZrF4 AT 650 C WITH HF SPARGE 
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Hastel loy B 

Conta iners made f rom Hastel loy B have shown good se rv i ce in a va r ie ty of sal t 
composi t ions . Cor ros ion coupons of Hastel loy B w e r e exposed during s tudies of INOR-8 
which a r e desc r ibed l a t e r . Table A-2 in the Appendix gives the penet ra t ion r e su l t s for 
the Hastel loy p i e c e s . It can be seen that i t s r e s i s t a n c e is quite good in m o s t c a s e s . If 
it w e r e not for i t s age-harden ing c h a r a c t e r i s t i c s and poor r e s i s t a n c e to oxidation, it 
would be a top contender as a container naa ter ia l . 

INOR Alloys 

Since the in i t ia l s tudies showed that INOR-1 and INOR-8 w e r e quite r e s i s t a n t , the 
work done in the improved conta iners m a d e f rom Hastel loy B was confined l a rge ly to 
these m a t e r i a l s . The conta iners w e r e fitted with an eas i ly dismountable head so that 
mul t ip le co r ros ion spec imens could readi ly be used . Most runs w e r e made using tubu­
l a r spec imens mounted on the bottom of ^̂ he spar'^e tube as was desc r ibed e a r l i e r . In 
many c a s e s , a tube of INOR-1 was a l so placed above the s tandard INOR-8 tube. In 
addi t ion, coupons, approximate ly 1/2 by 3 in . , of each of the above al loys w e r e s u s ­
pended at vapor , i n t e r face , and liquid pos i t ions . These coupons w e r e fastened with 
INOR-8 wi re to a 1/4-in. Hastel loy W tube extending down from the c l o s u r e . On occa ­
sion, tubes of INOR-8 or INOR-1 w e r e suspended at the in te r face . A coupon of 
Hastel loy B was included in many exper iments so that an e s t i m a t e of container life 
could be obtained. 

Studies w e r e made re la t ing co r ro s ion to the following v a r i a b l e s : 

(1) Salt compofaition 

(2) Temiperature 

(3) Effects of a tmosphe re 

(a) Flow r a t e of HF 

(b) Addition of hydrogen 

(c) Addition of oxygen. 

Table A-1 in the Appendix gives the deta i ls of the operat ing conditions used for these 
expe r imen t s . 

F luor ide sa l t s r ep resen t ing composi t ions for beginning, midd le , and final s tages 
during dissolut ion w e r e studied. Two genera l groups w e r e r e p r e s e n t e d : the N a F -
Z r F 4 and the N a F - L i F types . In the N a F - Z r F 4 type , the composi t ions in mole pe r 
cent w e r e : 

Beginning 62 N a F - 3 8 Z r F 4 

Middle 50 NaF-50 Z r F 4 

F ina l 4 3 . 5 N a F - 5 6 , 4 Z r F 4 - 0 . 11 UF4. 
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In the N a F - L i F type the composi t ions studied w e r e : 

Beginning 43 N a F - 5 7 L i F 

F ina l 19. 3 N a F - 2 5 . 6 L i F - 5 4 . 9 Z r F 4 - 0 . 21 UF4 

The cor ros ion was evaluated by weight changes , by d imensional changes , and by 
meta l lographic examina t ions . The r e s u l t s , expressed as penet ra t ion in mi l s pe r 
month , a r e s u m m a r i z e d in Table A - 1 in the Appendix. The table a lso includes detai ls 
of the operat ing conditions used for each run . 

It was found that invar iably the co r ros ion was g rea t e s t at the vapor- l iquid i n t e r ­
face a r e a s . F igu re 12 shows the appearance of coupons and tubes after 263 hr 
under one of the m o r e s e v e r e conditions (Run 20). The Hastel loy B me l t container used 
in this run showed severe local a t tack . The bottom half of this container was sawed off 
and i t was then spli t lengthwise . F igu re 13 shows an en la rgement of the section near 
the vapor- l iquid interface a r e a . Severe local ized penet ra t ion is vis ible on the polished 
edges of the container wa l l . 

While the runs w e r e in p r o g r e s s , potential m e a s u r e m e n t s w e r e made between 
the Hastel loy B m e l t con ta iners and the insulated Hastel loy W tubes which support the 
spec imens . The potent ial difference in the container with the INOR-8 specimen var ied 
from 0. 2 to 0 .4 m v . These values m e a s u r e d with the Hastel loy B naelt conta iners a r e 
only about 5 p e r cent of those previous ly obtained during s imi l a r m e a s u r e m e n t s with an 
INOR-8 specimen in an Inconel con ta iner . It was under this l a t te r condition that 
me ta l l i c c ry s t a l s w e r e found on the INOR-8 spec imen. The impl icat ions a r e that the 
c rys t a l deposit ion which o c c u r r e d was not en t i re ly a r e su l t of m a s s t rans fe r but may 
have a r i s e n from galvanic effects between the specimen and the conta iner . 

A 7-in. INOR-8 coupon spec imen was suspended in the container during Run 24 
so that it encompassed the en t i r e range ord inar i ly covered by the th ree coupon-type 
spec imens . F igu re 14 shows a profi le of the co r ros ion r a t e s at var ious points along 
this specimen a s calcula ted from th ickness l o s s e s . The heavy a t tack on the submerged 
port ion and the necking down at the in ter face a r e apparen t . The bulge in the vapor s e c ­
tion of the curve probably i s indicat ive of the sp lash zone. 

The Hastel loy W thermocouple we l l , sparge tube, and spec imen-suppor t tubes 
a l l showed seve re a t tack . The th ickness of the sparge tube was reduced to half of i ts 
or ig inal value at one point and the support tubes w e r e seve red a t the liquid l ine . 

Information on the co r ros ion behavior of INOR-8 in both sod ium-z i rcon ium and 
sodium-l i th ium sys t ems i s p r e sen ted by bar graphs in F igure 15. Necking down of the 
specimens at the liquid line has been indicated by suitably taper ing the b a r s . The 
r a t e s indicated by solid b a r s a r e those computed f rom ove r - a l l weight l o s s e s . Higher 
r a t e s , a s de te rmined from m e a s u r e m e n t s by m i c r o m e t e r or by meta l lography , a r e 
indicated by the addit ional appropr i a t e hatching of the b a r s . 

Table A-2 in the Appendix gives detai led co r ros ion r e su l t s for al l spec imens 
evaluated in this p r o g r a m . 
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The area shown n, at the liquid-vapor interface line. 
Notice the penetration into the container wall. 
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The co r ros ive a t tack on INOR-8 m a t e r i a l was somet imes genera l in na tu re and 
somet imes in te r g r a n u l a r . F i g u r e l6 shows photomicrographs i l lus t ra t ing the p r o g r e s ­
sive roughening and surface attack on spec imens exposed in the liquid phase caused by 
i n c r e a s e d sal t t e m p e r a t u r e s . 

Typical i n t e rg ranu la r a t tack for INOR-8 and INOR-1 m a t e r i a l i s shown in 
F i g u r e 17 for in terface s p e c i m e n s . It can be seen that the penet ra t ion i s somewhat 
g r e a t e r for the INOR-8 m a t e r i a l in this pa r t i cu l a r exper iment . 

The data indicate that the sodium-l i th ium sys t ems a r e much mtore co r ros ive to 
the al loys under study than the sod ium-z i rcon ium s y s t e m s . An elevation in t e m p e r a ­
t u r e i n c r e a s e s the co r ro s ion significantly, a s does an i n c r e a s e in the HF flow r a t e . 
The p r e s e n c e of hydrogen wi l l mi t iga te the c o r r o s i v e n e s s of the sod ium-z i rcon ium 
sal ts but i t s effect on the sodium-l i th ium sys t ems has not been fully de te rmined . 

The c o r r o s i v e n e s s of a given sal t s eems to be d i rec t ly r e l a t ed to i t s alkal i 
f luoride content. In the case of the sod ium-z i rcon ium sal ts^ t h ree m i x t u r e s which 
might r e p r e s e n t beginning, m i d d l e , and final s tages of the hydrofluorination have been 
studied. Genera l ly , co r ros ion d e c r e a s e s with inc reas ing z i rconium content. Poss ib ly 
formation of complexes accoun t s , in p a r t , for t h i s . The exact composit ion of c o m ­
plexes at var ious s tages in the fluoride sys tem is not known, nor is thei r degree of 
d issocia t ion es tab l i shed , but , for a r g u m e n t ' s s ake , consider the complex N a Z r F g 
known to ex is t to some extent . F o r example , in the 60 mLole pe r cent N a F - 4 0 naole 
p e r cent Z r F 4 sal t t he re would be a deficit of z i rconium for forming the N a Z r F s coixi-
plex equal to 1 mole of NaF per 2 mo le s of N a Z r F s . At the other end of the s c a l e , 
i . e. , 43 mole pe r cent NaF-57 mole per cent Z r F 4 , a l l of the NaF could be complexed, 
leaving an excess of 1 mole of Z r F 4 pe r 3 m o l e s of N a Z r F 5 . Of course in the equi -
m o l a r sa l t , complete complexing with no d issocia t ion would r e s u l t in no excess of 
e i ther component. I h e 60 mole p e r cent N a F - 4 0 mole per cent Z r F 4 sa l t was used for 
Run 17, the equimolar for Run 19B, and the 43 mole p e r cent NaF-57 mole p e r cent 
Z r F 4 for Run Z2A. Comparing the co r ros ion r a t e s for these runs indicates that the 
hypothesis above m a y have some m e r i t . 

The s eve re local ized a t tack wHch occur s a t the liquid l ine has been noted on 
s eve ra l occas ions . In con t ras t to t h i s , the impingement spec imens on the spa rge tube 
which cer ta in ly have an in te r face , albeit a constantly moving one, do not always show 
significant local ized a t tack . Many t i m e s , coupons and thei r support tubes w e r e 
severed at the liquid l ine , while l i t t le a t tack occu r r ed on the sparge tube which is 
m o r e d i rec t ly in line wi th the r i s ing HF bubbles . A poss ible explanation for these 
observa t ions l ies in g rad ien ts of t e m p e r a t u r e and composi t ion at the l iquid-vapor 
in te r face . It i s known that Z r F 4 continually vola t i l izes f rom the sod ium-z i rcon ium 
melts» This would leave the immedia te surface with a p reponderance of alkal i fluoride. 
Near the sparge tube , the agitation by the bubbling HF tends to d e c r e a s e this compo­
sition gradient and, consequent ly , co r ro s ion i s not so s e v e r e . At the in te r faces 
c rea t ed on the impingement s p e c i m e n s , the opportunity for rap id rep len i shment of the 
volat i l ized Z r F 4 ex i s t s ; consequent ly , the s a m e conditions do not occur h e r e a s a t the 
liquid l ine . The actual local ized at tack at the liquid l ine i s undoubtedly e l e c t r o c h e m i ­
ca l , a r i s ing from differences in potent ial between the por t ion of the specimen s u b ­
m e r g e d and the port ion at the liquid l ine . These differences could easi ly be influenced 
by v i r tue of the difference in the re la t ive solubility of HF in the liquid phase and in the 
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pa r t i a l p r e s s u r e of HF in the vapor . The fact that increas ing the flow of HF causes in ­
c r e a s e d co r ros ion s e e m s to support this m e c h a n i s m . However , if one cons iders the 
lower r a t e s on the impingement spec imens with increas ing flow of H F , the a rgument 
for concentrat ion gradients a t the l iquid-vapor interface as a cause of the attack seems 
to be m o r e r ea sonab le . 

In o rde r to obtain a be t ter unders tanding of the co r ros ion m e c h a n i s m , an e x p e r i ­
men t was m a d e in which dissolving Z i r ca loy -2 was p r e s e n t a t a l l t i m e s . The objective 
of the work was to de ter in ine whether cathodic protect ion i s furnished to the container 
(Hastelloy B) and the INOR-8 coupons by dissolving Z i rca loy -2 . In addit ion, such 
effects a s a constant evolution of hydrogen, consumption of a por t ion of the enter ing HF 
s t r e a m , a gradual i n c r e a s e in the z i rconium content of the sa l t , and a moving l iquid-
vapor interface could be examined. Work by G. I. Ga thers and as soc ia t e s at ORNL had 
indicated that l e s s s eve re co r ros ion could be ant ic ipated under these condit ions. 

F igu re 18 shows the container head and specimen-m.ounting a r r angemen t used . 
The cen t ra l pipe of 1-in. nickel was used for charging Z i rca loy-2 slugs to the molten 
sa l t . A vapor - lock section located above the gate valve shown in the photograph p e r ­
mi t ted loading cha rges of Z i r ca loy -2 as de s i r ed . The vapor lock was flushed with 
argon continuously. Seven s lugs , 0 .6 in . in d iamete r and 1,8 in, long, weighing 
approximate ly 52 g each, w e r e dropped s imultaneously into the sal t at 30 to 40-hr 
i n t e rva l s . 

Severa l spec imens of INOR-8 w e r e evaluated. One coupon about 5/8 in. wide and 
7 in. long was at tached to the thermocouple wel l (INOR-8, 1/4-in. tubing) with an 
INOR-8 w i r e . The photograph shows that this well was insulated from the container 
head by a Teflon s leeve . The thermocouple wel l and coupon w e r e r a i s ed twice a day 
as the salt level in the container r o s e . Thus , the in terface posi t ion was mainta ined at 
approximate ly the same a r e a on the spec imen. Another coupon about 11 in. long was 
wi red to the 1/4-in. INOR-8 sparge tube and was left pe rmanen t ly in posit ion during 
t e s t . A double spec imen was welded to the end of a thi rd 1/4-in. INOR-8 tube. This 
tube was r a i s e d per iodica l ly to main ta in a fa i r ly constant in terface position on the 
spec imens . Only the thermocouple well and i ts a t tached specimen w e r e e lec t r ica l ly 
insulated f rom the conta iner . 

A 3 by 3-in. lap-welded coupon of INOR-8 containing a c rev ice was placed on the 
bottom of the container to obtain addit ional co r ros ion r e s u l t s . 

The r a t e of dissolut ion was followed by th ree m e a s u r e m e n t s . The volume of 
hydrogen was m e a s u r e d continuously with a w e t - t e s t m e t e r after the HF had been r e ­
moved. The r i s e in liquid level in the container was followed by d ip - s t i ck -con tac t 
m e a s u r e m e n t s using the movable thernao couple wel l . A d i f f e ren t i a l -p res su re gage 
connected a c r o s s the gas - in l e t and -exi t s ides of the container a lso indicated the r i s e 
in liquid leve l . F igure 19 i l l u s t r a t e s the type of data accumula ted from these t h r e e 
m e a s u r e m e n t s . The curve for theore t i ca l hydrogen evolution was calculated on the 
bas i s of 100 per cent efficiency of dissolut ion at a flow r a t e of 9. 5 g HF per h r . It may 
be seen that the amount of hydrogen evolved va r i ed d i rec t ly with the HF flow. The 
actual volume of hydrogen m e a s u r e d was 75 pe r cent of the theore t i ca l , based on the 
total HF int roduced. 

Nine pe r cent of the 1980 g of Z i rca loy-2 added to the sal t r emained undissolved 
on the bottom of the container a t the end of the run . The final sal t level was about 4 in. 
higher than the ini t ial l eve l . 
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The ove r - a l l penetra t ion r a t e s obtained in th is exper iment w e r e significantly 
lower than those from com.parable runs made in the absence of dissolving Z i r c a l o y - 2 . 
F o r example , in the absence of zirconium^ the spec imens w e r e often severed at the 
in ter face a r e a . In the p r e s e n c e of zirconium^ v e r y l i t t le in ter face at tack was noted 
except at one a r e a on the thermocouple wel l where about 9 m i l s of m e t a l was removed 
(31 mi l s pe r month) . AlsOj some thinning (7 to 23 mi l s pe r month) was noted at the 
in ter face on the s t ra ight coupon of the pa i r shown at the r ight in F igu re 18. 

Table 2 s u m m a r i z e s the penet ra t ion data obtained for eight different coupons or 
t ubes . Weight-change data w e r e taken on two coupon spec imens . One spec imen was 
r a i s e d per iodica l ly so that essent ia l ly a constant interface a r e a was maintained as the 
liquid level r o s e . The co r ros ion ra t e was 0.7 m i l pe r month . The other spec imen , 
fastened to the spa rge tube , was not moved and the co r ros ion ra t e was 0. 2 m i l p e r 
month . 

The table a lso includes penet ra t ion va lues based on m i c r o m e t e r readings and on 
meta l lograph ic sec t ions . The va lues r epor ted a r e for a r e a s where the major amount 
of a t tack was noted. 

F igu re 20a shows the m i c r o s t r u c t u r e of the INOR-8 thermocouple wel l at the 
in terface a r e a where raaximum attack occu r r ed . It can be seen that cons iderable 
roughening of the m e t a l took place and that the wall th ickness was d e c r e a s e d , A v e r y 
sl ight amount of i n t e rg ranu la r a t tack was noted. F i g u r e 20b shows the l e s s e r amount 
of roughening which occu r r ed on the m e t a l i m m e r s e d in the liquid. 

F i g u r e 21a shows a section cut f rom the in terface a r e a of the movab le , insulated 
coupon. A s imi l a r section f rom the movab le , connected noninsulated coupon showed 
somewhat m o r e roughening (see F igu re 21b). 

Two p ieces of INOR-8, over lapped about 1/2 in . and welded, were exposed in the 
bottom of the conta iner . The a s semb ly showed no major a t tack at any a r e a , including 
the c r e v i c e . Approximate ly one-fourth of one side was covered with a deposi t of 
c r y s t a l s of z i rconium. 

This dissolut ion exper iment demons t ra t ed the effectiveness of dissolving me ta l 
in re ta rd ing the cor ros ion of container m a t e r i a l s . The r e a s o n s for such inhibition a r e 
not en t i re ly c l e a r , at p r e s e n t . Low co r ros ion r a t e s w e r e m e a s u r e d for both connected 
and insulated spec imens ; hence , inhibition cannot be a sc r ibed ent i re ly to galvanic 
pro tec t ion u n l e s s , of c o u r s e , the efficacy of the insulat ion was negated by the bridging 
of "snow" between the container and the specimen suppor t . Other fac tors such as a 
lower flow r a t e of HF in the effluent, due to i t s consum.ption by the hydrofluorination 
of the Z i r c a l o y - 2 , and a higher ra t io of hydrogen to HF than had been studied 
p rev ious ly , may have been equally impor tan t . 



TABLE 2. CORROSION OF INOR-6 AFTER 21'1-IIR EXTOSURE IN 700 C 43 MOLE PER CENT NaF-57 
MOLE PER CENT LiF WITH DISSOLVING ZIRCALOY -2 {RUN 25) 

Penetration, mils per month 

Specimen 

Frotn By Measurementt^^ 
Weight Loss Micrometer Metallographic Visual Observations Metallographic Observation 

Coupon attached to 
insulated movable 
thermocouple well 

Insulated, movable, 
thermocouple well 

0.7 1.7 

31. 

0.5 (b) 

2,6 

31. 

o.oW 

Thin lajer of metallic deposits on immersed 
portion; heavy etch at interface 

Two loose clumps of crystals just above the 
interface revealed heavily etched depressions 
when removed; thin metallic deposits on 
immersed portion 

No intergranular attack; moderately 
roughened surface 

Slight intergranular attack (about 
1 mil deep) at several places plus 
moderately roughened surface on 
interface section 

No intergranular attack; sli^itl) 
roughened surface on section 2 in. 
above bottom of tube (liquid phase) 

Ojupon attached to 0. 
fixed sparge tube 

Fixed sparge tube 

Straight coupon welded 
to movable tube 

Bent coupon welded to 
movable tube 

Movable tube 

Welded piece exposed 
on the bottom of container 

0.7 

0.0 

23. (c) 

0.9 

2.6 

0.0 

0.5 

(e) 

Thin layer of metallic deposits on immersed 
portion 

Some metallic deposits on immersed portion; 
no apparent attack 

6.6 C*̂) Thin layer of metallic deposits on immersed 
portion; heavy etch at interface; micrometer 
rate of 23 is for reduction in width at necked -
down edge 

Thin layer of metallic deposits on immersed 
portion; heavy etch at interface 

Exposed in vapor only; no apparent attack 

0. 9 Approximately one-fourth of one side was covered 
with tiglitl) adherent metallic-appearing crystals; 
spectrographic anal) sis indicated major constit­
uent of crystals was zirconium with no tin present 

No intergranular attack; severely 
rou^ened surface 

No iniergranuiar attack; no attack 
at the crevice; sli|pitly roughened 
surface 

(a) The micrometer and metallographic measurements were based on diniensional changes at sites of greatest attack, except as noted. 
(b) Measured 2 in. below interface. 
(c) Measured across width of specimen. 
(d) Measured across thickness of specimen. 
(e) Measured 0.4 in. below interface. 
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Salt side 

lOOX C596 

a.i Interface, at Maximum Penetration 

Salt side 

lOOX C597 

b. Liquid Portion, 2 In. From Bottom of the Well 

FIGURE 20. ATTACK ON mOR-8 THffiMOCOUPLE WELL IN RUN 25 WITH DISSOLVING 
ZIRCALOY-2 PRESENT IN THE SALT 
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lOOX C598 

a. Movable, Insulated Coupon at the Interface 

: « 

lOOX C603 

b. Movable, Connected Coupon at the Interface 

FIGURE 21. ATTACK ON TWO INOR-8 COUPONS IN RUN 25 WITH DISSOLVING 
ZIRCALOY-2 PRESENT IN THE SALT 
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CONCLUSIONS 

The a r e a s m o s t suscept ible to damage in conta iners holding mol ten sa l t a r e 
located at in terface pos i t ions . Work has shown that rapid fa i lure can be ant icipated at 
such spots J pa r t i cu l a r ly at high t e m p e r a t u r e s and in m i x t u r e s high in alkal i me ta l 
s a l t s . P r e l i m i n a r y r e s u l t s indicate that the c o r r o s i v e at tack can be r e t a r d e d a p p r e ­
ciably by maintaining dissolut ion of z i rconium at all t i m e s . However^ even under these 
conditions some se lect ive a t tack was still obse rved . 

INOR-8^ INOR-1 , and Hastel loy B have shown fair ly good r e s i s t a n c e to at tack 
under the opt imum condit ions. However , Hastel loy B age hardens after prolonged use 
at the t e m p e r a t u r e s contemplated , and INOR-1 shows loss of molybdenum on u n p r o ­
tected outer su r f aces . INOR-8 has been chosen a s the mos t p romis ing candidate m a ­
t e r i a l since it does not p o s s e s s the above disadvantages and ye t shows approximate ly the 
same r e s i s t a n c e to co r ros ion a s the other two a l loys . 
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APPENDIX 

SUMMARY OF CORROSION AND ANALYTICAL DATA 

C o r r o s i o n Resu l t s 

The detai ls of the operat ing conditions used with the Hastel loy B conta iners a r e 
summar i zed in Table A - 1 . Cor ros ion r e su l t s for INOR-8, INOR-1 , Hastel loy B , and 
s i lver a r e included in Table A - 2 . 

Analyt ical Resul t s 

Salt Analyses 

An analys is was made of each sal t composit ion at the beginning and end of an ex ­
p e r i m e n t . Table A - 3 s u m m a r i z e s the r e s u l t s obtained^ The ana lyses w e r e provided 
through the cooperat ion of ORNL c h e m i s t s . It can be seen tha t , a s might be expected, 
the ma jo r impur i ty in the sal t f rom the Inconel conta iners (Runs 1 to 14) was chromium 
and the minor impur i t i e s w e r e copper , i r o n , and n icke l . In the Hastel loy B con ta ine r s , 
the ma jo r impur i ty was nickel and sma l l e r amounts of c h r o m i u m , copper , i r on , and 
molybdenum w e r e found. 

The re i s a fair ly good cor re la t ion between the me ta l content of the sal t and the 
c o r r o s i v e n e s s of the exposure conditions as m e a s u r e d by the co r ro s ion spec imens . 
Longer exposure t ime inc rea sed the co r ros ion of the container a s ref lected in the sal t 
a n a l y s e s . More co r ro s ive sal t composi t ions showed higher m e t a l pickup. 

Some i n c r e a s e in sulfur content of the sal t was noted with u s e . 

Effluent-Gas Analysis 

The amount of hydrogen p r e s e n t in the effluent gas should give some indication of 
the amount of co r ros ion taking place on the container wal l s and on the spec imens . It 
w a s found that about 10 m l pe r hr of hydrogen was evolved when a Hastel loy B container 
was used and about seven t imes m o r e was evolved when an Inconel container was used . 
T h u s , in g e n e r a l , these r e su l t s ag ree fair ly well with the co r ros ion r e su l t s obtained by 
other p r o c e d u r e s . 

HF P u r i t y 

One major impur i ty some t imes a s soc ia t ed with liquefied HF i s sulfur. It i s 
bel ieved that the sulfur c anbe p r e s e n t as fluorosulfonic ac id , as H2S, or possibly as 
other compounds. 
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TABLE A-1. OPERATING CONDITIONS FOR CORROSION STUDES IN 
HASTELLOY B CONTAINERS 

Run 

17 

17 A 

15 

15 A 

16 

16 A 

19 
1 9 A ( » ) 

19 B 

19 C 

22 

22 A 

20 
21 
24 

Nominal Salt Composition, 

mole per cent 

59 NaF-41 ZrF4 
Salt remaining from Run 17 

50 NaF-50 ZrF4 
Salt remaining from Run 15 

60 NaF-50 ZrF^ 

Salt remaining from Run 16 

50 NaF-50 ZrF^ 

Salt remaining from Run 19 

Salt remaining from Run 19A 

Salt remaining from Run 19B 

44 NaF-56 ZrF4-0 .1 UF4 
Salt remaining from Run 22 

47 NaF-53 LiF 
45 NaF-55 LiF 
43 NaF-57 LiF 

Atmosphei 

HF 

10 

25 

10 
10 

10 
10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

e, g per hr 

Hydrogen 

--

--

- . 

0.24 

- . 

0.24 

0.24 

Coutainei 

12-1 
12-1 

11-1 
11-1 

10-1 

10-1 

11-2 
11-2 

11-2 

11-2 

15-1 

15-1 

13-1 

14-1 

12-2 

HF 
Tank 

FC 11197 
FC 111S7 

B 
B 

B 
B 

FC 11197 
FC 19874 

FC 19874 

FC 19874 

FC 19874 

FC 19874 

FC 11197 
FC 11197 
FC 19874 

Temperature, 

C 

650 
650 

650 
650 

650 

650 

650 

650 

650 

700 

650 

650 

700 

700 

700 

Time, 
hr 

504 

507 

500 
510 

505 
510 

425 
479 

200 

200 

199 

200 

263 

123 

93 

18 19 NaF-55 ZrF4-26 LiF-0,2 UF4 Bad leak during 
nitrogen flush 

10-2 None 600 22 

23 

23 A 

23 B 

25(b) 

19 NaF-55 ZrF4-26 LiF-0,2 UF4 

Salt remaining from Ron 23 

Salt remaining from Run 23A 

43 NaF-57 LiF 

10 

10 

10 

10 

16-1 
16-1 

16-1 

14-2 

FC 19874 
FC 19874 

FC 19874 

FC 19874 

600 
650 

700 

700 

200 
200 

160 

214 

(a) In Run 19 A, 20 ppm oxygen was added as air. 
(b) Run 25 was conducted in presence of dissolving zirconium (Zircaloy-2). 
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TABLE A-2. CORROSION RESULTS FROM HYDROFLUORINATION RUNS MADE IN HASTELLOY B CONTAINERS 

Run 

17 

17A 

15 

15A 

16 

16A 

19 

Material 

INOR-8 

INOR-8 
INOR-8 

INOR-8 
INOR-1 

INOR-1 
INOR-1 

INOR-1 
S-816 
Hastelloy B 

INOR-8 

INOR-8 

INOR-8 
INOR-8 
INOR-8 
INOR-1 

INOR-1 

MOR-l 
INOR-1 
INOR-1 
Hastelloy B 
Hastelloy W 

INOR-8 

INOR-8 

INOR-8 

INOR-1 

INOR-1 

INOR-1 

INOR-8 

INOR-8 
INOR-8 
tNOR-8 
INOR-1 

MOR-l 
INOR-1 
INOR-1 
Hastelloy B 

Specimen Desc 
Type 

Impingement 
tube 

Coupon 
Coupon 

Coupon 
Imping em ent 

tube 
Coupon 
Coupon 

Coupon 
Coupon 
Coupon 

Impingement 
tube 

lube 

Coupon 
Coupon 
Coupon 
Impingement 

tube 
Tube 

Coupon 
Coupon 
Coupon 
Coupon 
Tube 

Impingement 
tube 

Impingement 
tubel'') 

Tube 

impingement 
tube 

Impingement 
tubeO») 

Tube 

Impingement 
tube 

Coupon 
Coupon 
Coupon 
Impingement 

tube 
Coupon 
Coupon 
Coupon 
Coupon 

ription 
Position 

— 

Vapor 
Interface'^^ 

Liquid 
--

Vapor 
Interface 

Liquid(ji) 
LiquidSa) 
Interface 

— 

Interface 

Vapor 
Interface 
Liquid 

--
Interface 

Vapor 
Interface 
Liqisid 
Interface 

--

— 

— 

Vapor 

-

— 

Vapor 

--

Vapor 
Interface 
Liquid 

--

Vapor 
Interface 
Liquid 
Interface 

Corrosion Rate Determined by 
Method Shown, m.ilg 

Weight 
Loss 

0 .4 

0 .4 
6 . 3 

0 .6 
0.03 

0 .4 
4 . S 

2 . 5 
3 .4 
3 .6 

2 .2 

15 

0.25 
28 

4 . 5 
0 . 1 

5 .0 

0.31 
ZO 

7 .9 
11.7 
--
1.2 

1.5 

0 .5 

2 . 1 

1.7 

1.5 

0.09 

0.35 
0.18 
0.35 
0.003 

0.11 
1.3 
1.9 
0 . 8 

Micrometer 
Measurement 

-

0 .0 
16 

._ 
--
0 .0 
8 .7 

— 
10 
8.7 

— 

45 

--
--
--
--

16 

— 
--
--
--
--

--

-

— 

— 

-

— 

— 

--
— 
— 
— 

--
— 
.-
— 

per month 
Metallographic 

Section 

2.9 

--
23 

— 
1.5 

— 
15 

_. 
12 
12 

-

--

--
— 
--
-~ 

--

_-
— 
— 
--
— 

— 

1.7 

1.4 

— 

5 .2 

3 .9 

2 . 2 

— 
0.86 

— 
0.86 

— 
2 .2 

. . 
--

Appearance After Exposure 

Light etch 

Ditto 
Necked down 11 mils at 

interface 
Blackj rough surface 
Very light etch 

Light etch 
Necked down 6 mils at 

interface 
Black, rough surface 
Thickness reduced 14 mils 
Necked down 6 mils at 

interface 

Light etch 

Necked down 31 mils at 
interface 

Light etch 
Severed at interface 
Moderate etch 
Very light etch 

Necked down 11 mils at 
inte rface 

Moderate etch 
Severed at interface 
Moderate to heavy etch 
Severed at interface 

Ditto 

Light etch 

Heavy etch 

Slight pitting; light etch 

Heavy etch 

Crystal deposits 

Light etch 

Tarnish film 

Light etch 
Ditto 
Ditto 

Tarnish film 

Light etch 
Ditto 

Moderate etch 
Light to moderate etch 
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TABLE A-2, (Continued) 

Specimen Description 
Run 

19A 

19B 

19C 

Material 

INOR-8 

INOR-8 
INOR-8 
INOR-8 

INOR-8 
INOR-1 

INOR-1 

INOR-1 
INOR-I 

INOR-1 

Hastelloy B 

INOR-8 

INOR-1 

INOR-1 

Hastelloy B 

INOR-8 

INOR -8 
INOR-8 
INOR-8 
INOR-8 
moR-i 

INOR-1 
INOR-1 

Type 

Impingement 
tube 

Tube 
Coupon 
Coupon 

Coupon 
Impingement 

tube 
Tube 

Coupon 
Coupon 

Coupon 

Coupon 

Coupon 

Impingement 
tube 

Coupon 

Coupon 

Inripingeznent 
tube 

Tube 
Coupon 
Coupon 
Coupon 
Impingennent 

tube 
Coupon 
Coupon 

Position 

— 

Interface 
Vapor 
Interface 

Liquid 
--

Interface 

Vapor 
Interface 

Liquid 

Interface 

Interface 

— 

Interface 

Interface 

-

Interface 
Vapor 
Interface 
Liquid 

--
Vapor 
Interface 

Corrosion Rate Determined by 
Method Shown^ ??-!\^. per month 

Weight Micrometer Metallographic 
Loss Measurem.ent Section Appearance After Exposure 

1.5 

INOR -1 Coupon Liquid 
Hastelloy B Coupon Interface 

3 
0 
4 

5 
1 

5 
36 
3 

9 
0 

14 

6.7 

0.34 
3 . 6 

4 . 4 

1.2 

13 

0.42 

17 

3 . 0 

— 
9 . 1 

-

-

21 

-

38 

6 . 2 

Silver Coupon Interface 

5.7 

Weight gain 
1.2 

29 
17 
3.4 

0.76 
21 

17 
14 

8.5 

Light etch 

Moderate etch 
Light etch 
Necked down 9 mils at 

interface 
Moderate etch 
Light etch 

Necked down 4.4 mils at 
interface 

Light etch 
Necked down 6 mils at 

interface 
Metallic deposits; moderate 

etch 
Moderate etch 

Necked down 5. 8 mils at 
interface 

Crystal deposits 

Necked down 10 mils at 
interface 

Necked down 1.7 mils at 
interface 

Heavy etch 

Crystal deposits; light etch 
Ditto 

Necked down at interface 
Heavy etch 
Moderate etch 

Crystal deposits; light etch 
Necked down at Interface; 

crystal deposits 
Crystal deposits; heavy etch 
Necked down at interface; 

crystal deposits 
Necked down slightly at 

interface 

INOR-8 

ENOR-8 
INOR-8 

INOR-8 
INOR-1 

INOR-1 
INOR-1 
INOR-1 
INOR-1 
Hastelloy 

Impingement 
tube 

Coupon 
Coupon 

Coupon 
Impingement 

tube 
Tube 
Coupon 
Coupon 
Coupon 

5 Coupon 

--

Vapor 
Interface 

Liquid 

--

Interface 
Vapor 
Interface 
Liquid 
Inte rface 

0.01 

0.16 
0.39 

0.84 
Weight gain 

0.32 
0.08 
0.35 
0.61 
0.26 

Tarnish film 

Ditto 
2.9 Ditto, plus interface penetra­

tion of 0. 8 mils 
Tarnish film 

Ditto 

Ditto 3 plus some light etch 
Dark tarnish film 

Ditto 
Ditto 

Tarnish film 



A-5 

TABLE A-2. (Continued) 

Run Material 
22A INOR-8 

INOR -8 

INOR-8 
INOR-1 

INOR-1 

INOR-1 

INOR-1 
Hastelloy B 

Silver 

20 INOR-8 

INOR-8 
INOR -8 
INOR-8 
INOR-8 
INOR-1 

INOR-1 
INOR-1 
INOR-1 
Hastelloy B 

21 INOR-8 

INOR-8 

INOR-8 
INOR -8 
INOR-8 
INOR-1 

INOR-1 
INOR-1 
INOR-1 

Hastelloy B 

24 INOR-8 

INOR-8 
INOR-8 
INOR-8 
INOR-8 
INOR-1 

INOR-1 
INOR-1 
INOR-1 

Specimen Description 
Type 

Coupon 

Coupon 

Coupon 
Impingement 

tube 
Coupon 

Coupon 

Coupon 
Coupon 

Coupon 

Impingement 
tube 

Tube 
Coupon 
Coupon 
Coupon 
Impingement 

tube 
Coupon 
Coupon 
Coupon 
Coupon 

Impingement 
tube 

Tube 

Coupon 
Coupon 
Coupon 
Impingement 

tube 
Coupon 
Coupon 
Coupon 

Coupon 

Impingement 
tube 

Tube 
Coupon 
Coupon 
Coupon 
Impingement 

tube 
Coupon 
Coupon 
Coupon 

Position 
Vapor 

Interface 

Liquid 

--
Vapo r 

Interface 

Liquid 
Interface 

Interface 

--

Inte rface 
Vapor 
Interface 
Liquid 

--
Vapor 
Interface 
Liquid 
Interface 

— 

Interface 

Vapor 
Interface 
Liquid 

--
Vapor 
Interface 
Liquid 

Interface 

--

Interface 
Vapor 
Interface 
Liquid 

--

Vapor 
Interface 
Liquid 

__ Weight 
Loss 
0.44 

4 . 5 

3 .7 
0.63 

0.34 

3.6 

5 .0 
2 .6 

6 . 5 

9 . 0 

Severed 
7 . 2 

Severed 
20 

2 .9 

1.7 
Severed 

17 
Severed 

-

--
0.11 
— 

30 

--
0.02 

Severed 
— 

Severed 

18 

48 
7 .6 

60 
43 
18 

13 
64 
38 

Corrosion Rate Determined by 
Method Shownj, mils per month 

Micrometer Metallographic 
Measurement Section Appearance After Exposure 

58 

IZO 

Some silver deposits, light 
etch 

Loosely adherent dark pow­
der; necked down 1. 1 mils 
at interface 

Some silver deposits 
Metallic coat plus crystal 

deposits 
Some bilver deposits^ light 

etch 
Loosely adherent dark pow­

der; necked down 1. 1 mils 
at interface 

Moderate etch 
Loosely adherent dark pow­

der; necked down 1,4 mils 
at Interface 

Kecked down 16 mils at 
interface 

Crystal deposits; heavy etch 

Severed at interface 
Heavy etch 
Severed at interface 
Heavy etch 
Numerous small pit£>; 

moderate etch 
Some severe etch 
Severed at interface 
Moderate etch 
Severed at interface 

Thick crystal deposits 

Heavy crystal deposit; heavy 
etch; attacked in liquid 

Light etch 
Crystal deposits; heavy etch 
Heavy etch 
Many loosely adherent crystal 

deposits; light etch 
Mottled tarnish film 
Severed at interface 
Loosely adherent crystal de­

posits; heavy etch 
Severed at interface 

Heavy etch 

Necked down at interface 
Crystal deposit; heavy etch 
Necked down at interface 
Heavy etch 
Crystal deposits; moderate 

etch 
Heavy etch 
Necked down at interface 
Heavy etch 
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TABLE A - 2 . (Continued) 

M a t e r i a l 

Spec imen Desc r ip t i on 

Type Pobi t ion 

C o r r o s i o n Ra te D e t e r m i n e d by 
Method Shown, m i l s p e r mon th 

Weight M i c r o m e t e r Meta l log raph ic 
L o s s M e a s u r e m e n t Sect ion A p p e a r a n c e After E x p o s u r e 

23 m O R - 8 

INOR -8 
INOR-8 
INOR-8 
INOR-1 

INOR-1 
INOR-1 
INOR-1 
HastelJoy B 

INOR -8 

INOR-8 
INOR-8 
INOR-8 
INOR-1 

INOR -1 
INOR-1 
INOR- l 
Has te l loy B 

2 5B INOR-8 

23A 

INOR-S 
INOR -8 

INOR-8 
INOR-I 

INOR-1 
INOR -1 

TiTiping ejTient 
tube 

Coupon 
Coupon 
Coupon 
Imping ement 

tube 
C oupon 
Coupon 
Coupon 
Coupon 

Imping em ent 
tube 

Coupon 
Coupon 
Coupon 
Impingemen t 

tube 
Coupon 
Coupon 
Coupon 
Coupon 

Imping emen t 
tube 

Coupon 
Coupon 

Coupon 
Imping em ent 

tube 
Coupon 
Coupon 

INOR-1 Coupon 
Has te l loy B Coupon 

ZS INOR-8 

INOR-8 

INOR-8 

INOR-S 

INOR-8 

Coupon 

Bent coupon 

Coupon 

Coupon 

l u b e 

Vapor 
In te r face 
Liquid 

Vapor 
In ter face 
Liquid 
In te r face 

Vapor 
In te r face 
Liquid 

Vapor 
In te r face 
Liquid 
In te r face 

Vapor 
In te r face 

Liquid 

Vapor 
In ter face 

Liquid 
Inte rf a c e 

I n t e r f a c e , movab le 
for cons tan t 
in t e r face pos i t ion 

Inte rface J movab le 
for cons tan t 
in t e r face posi t ion 

In t e r f ace , i n su l a t ed , 
movab le for con ­
s tant in t e r face 
pos i t ion 

In t e r f ace , fixed 
pos i t ion 

The rmocoup le well^ 
insu la ted 

0 . 7 4 

0 . 4 3 
1.0 
2 . 5 
0 .61 

0. 24 
0 .76 
1.7 
1.7 
0 . 6 3 

1. 1 
4 . 6 
4 . 2 
0. 23 

0 , 5 5 
3 . 3 
4 . 4 
2 . 1 

1. 1 

2 
13 

15 
0. 

1. 
13 

11 
3 

4 

36 

3 

9 

0 .73 

20 

22 

15 

>3('=) 

2 . 7 

1.7 

0 .68 

31 

6 . 8 ( d ) 

2 . 7 

31 

Light e tch 

Ditto 
Ditto 
Ditto 
Ditto 

Ditto 
Ditto 
Ditto 
Ditto 

T a r n i s h fi lm 

Light e tch 
Mode ra t e etch 

Ditto 
T a r n i s h film 

Di t to , p lus light e tch 
M o d e r a t e e tch 

Ditto 
Ditto 

Light e tch 

Ditto 
Necked down 4 . 4 m i l s a t 

in te r face 
Heavy etch 
Some c rys t a l depos i t s ; l ight 

e tch 
Light e tch 
Necked down 4 . 8 m i l s a t 

in te r face 
Heavy etch 
Necked down 3. 2 m i l s a t 

i n t e r face 

Necked down 6 .7 m i l s on one 
edge at i n t e r f ace ; thin 
m e t a l l i c coat ing on l iquid 
por t ion 

Necked down 0. 8 m i l about 
1-1/2 in . above i n t e r f ace ; 
thin m e t a l l i c coat ing on 
l iquid por t ion 

Necked down 0. 5 m i l a t 
i n t e r f ace ; thin m e t a l l i c 
coat ing on l iquid por t ion 

Necked down 0. 2 m i l a t one 
a r e a ; ac tua l i n c r e a s e on 
o ther a r e a s ; thin m e t a l l i c 
coat ing; l ight e tch 

Loca l ized a t tack about 9 m i l s 
deep n e a r in t e r face 

(a) Support tube s e v e r e d . Spec imen r e m a i n e d in con ta ine r dur ing Run 17A. The rmocoup le wel l and g a s - i n l e t tube a l so 
s e v e r e d . 

(b) Tota l exposu re was about 1000 hr s ince this tube was used in run above . 
(c) Based on change in width . 
(d) B a s e d on change in t h i c k n e s s . 
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TABLE A - 1 . ANALYSIS O F SALT COMPOSITIONS 

Salt Ana lya i s 
L i , N a , Z r , F , U , C r , N i , F e , C u , M o , S , 

Run Condit ion w / o w / o w / o w / o w / o p p m ppm p p m PP^^ PP^^ ppm 

1 Beginning — U . 9 39.7 4 2 . 5 — 55 120 - - 24 <10 24 , 2 9 , 27 

2 Reused 

3 Reused 
F ina l — 13 .3 4 1 . 5 4 5 . 4 — 5,835 655 1,300 

4 Beginning — 10.7 36.2 4 1 . 7 — tj5 21 — 4 
F ina l 

5 Beginning — 12 .8 39 .4 4 4 . 8 — 55 80 — 23 
F ina l 

o Beginning — 12 .4 38.7 4 2 . 7 
F ina l — 13.7 4 1 . 2 4 5 . 6 

7 Beginning — 12 .4 4 1 . 8 4 2 . 6 
F ina l — 13 .8 4 1 . 2 4 5 . 7 

9 Beginning — 11 .4 4 3 . 5 4 5 . 4 

U F ina l — 8 .1 4 6 . 0 4 5 . 1 

10 Beginning — 13 .8 4 1 . 2 4 5 . 7 
F ina l — 14. 3 38. 1 44. i 

12 Beginning — 10 .9 4 3 . 8 4 5 . 0 
F ina l — 8.8 4 3 . 5 4 3 . 8 

14 F ina l — 11 .4 4 3 . 5 4 4 . 8 

17 Beginning — 14 .4 39 .2 
17A Final — 15 .4 38.4 4 3 . 9 

15 Beginning — 11.0 4 3 . 0 4 5 . 0 
15A F ina l — 12 .3 4 2 . 0 4 5 . 3 

lb Beginning — 11.0 4 3.0 4 5 . 0 
16A Fina l — 12 .4 4 2 . 0 4 5 . 4 

19 Beginning — 11.0 4 3 . 2 
19A Reused — 11.7 4 2 . 6 4 4 . 2 
19B Reused 
19C Reused — 12.1 4 1 . 9 4 4 . 3 

22 Beginning — 8. 95 46. 0 - - 0. 107 
22A Reused — 9 .95 4 2 . 1 4 5 . 0 0 . 3 J58 990 3,200 81 13 

20 Beginning U . O 32.0 
Final 10.0 2t). 6 — 5 2 . 3 — 700 42 ,500 4 ,200 905 12,400 

21 Beginning 11 .6 31.0 
F ina l 11.6 2 9 . 4 — 52 .7 — 900 2 ,600 1,700 170 1,700 

24 Beginning 9.7 53.8 — 55 .4 
Blnal 10.7 29 .0 0 .14 5 3 . 8 — 1,300 25.000 18,000 <20 4 ,300 

18 Beginning 2 .28 32.0 4 6 . 2 - - 0 .69 10 45 205 — — 5 

23 Bf ginning 2 .25 3.08 4 7 . 2 4 6 . 0 0 .5b 20 45 385 ~ — 5 
23A Reused 
23B Reused 1.6 6 .6 4 4 . 9 4 5 . 8 0 .46 265 2 ,200 4 ,900 57 109 

25 Beginning 9 .1 36 .1 — 5 4 . 4 
F ina l 4 . 3 12 .4 32 .6 4 9 . 8 - - 528 <50 1,300 103 <10 
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A-.8 

To remove the m o r e volat i le i m p u r i t i e s , about 3 lb of HF was bled from each tank 
p r i o r to use in the e x p e r i m e n t s . Res idual f ract ions w e r e el iminated by not using fu r ­
ther HF after the tank was approximate ly two- th i rds depleted. 

Table A-4 shows the sulfur content of the var ious tanks of HF used in the s tudies 
desc r ibed e a r l i e r . According to G. I. Ga the r s of ORNL, the quanti t ies p r e s e n t in a l l 
except Tank FC 19874 a r e low compared to n o r m a l c o m m e r c i a l m a t e r i a l . 

The effectiveness of the nickel desulfur izer used in the cor ros ion asseixibly was 
evaluated by collecting samples a t va r ious locations in the sys t em. It was found that the 
r e s idence t ime in the desul fur izer was too shor t to effect apprec iable removal of sulfur. 
However J some remova l was obtained because s eve ra l nickel tubes failed from attack 
by sulfur at the hot tes t a r e a in the furnace . 

Candidate Ma te r i a l s 

Nine different m e t a l s o r a l loys w e r e evaluated in the p r o g r a m . 

Table A-5 gives the nominal ana lyses of the al loys m o s t extensively studied. The 
INOR-8 alloys w e r e f rom Heats S P - l 6 ^ S P - 1 9 , M-1356^ and 30-72. The spec imens 
w e r e usually given a heat t r e a t m e n t of 30 min at 1100 C under a hydrogen a tmosphe re . 
The INOR-1 al loys w e r e f rom Heats Y-8195 and Y-8196. Most spec imens w e r e heated 
for 30 min at 925 C under hydrogen. 



A-9 and A-10 

TABLE A-4. SULFUR CONTENT OF HF 

Time of Samtpling 

After Run 12 

After Run 14 

After Run 14 

During Run 14 

After Run 17 A 

After Run 17 A 

During Run 17 A 

After bleeding off 
f i r s t 3 lb of HF 
from new tank 

HF Supply 
Cylinder 

A 

B 

B 

B 

FC 11197 

FC 11197 

FC 11197 

FC 19874 

Point of Sampling 

Fro in the tank 

F r o m the tank 

Desul fur izer exit 

Container exit 

F r o m the tank 

Desul fur izer exit 

Container exit 

F r o m the tank 

Sulfur in HF^ 
ppm 

66 

86 

101 

134 

167 

143 

172 

945 

TABLE A-5. NOMINAL COMPOSITION OF ALLOYS EXPOSED 

Alloy 

INOR-8 

INOR- 1 

Hastel loy B 

Hastel loy W 

Inconel 

C r 

7 

-

_ 

6 

16 

Nominal 
Ni 

71 

78 

65 

62 

76 

Compos ition^ w / o 
F e 

5 

-

5 

6 

8 

M o 

16 

20 

28 

25 

M 




