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ABSTRACT

Hastelloy F was found suitable as a material of construc-
tion for a centrifuge to be used for clarifying solutions
generated in various nuclear head-end processing schemes. The
maximum corrosion rate was 0.7 mil/month in all solutions
tested.

Test solutions were of the following types: stainless
steel dissolved in k4 M HxS0y (from the Sulfex process), stain-
less steel dissolved in 5 M HNO3--2 M HC1 (from the Darex
process), Zircaloy-2 dissolved in 6 M NH LF--1 M HNO; (from
the Zirflex process), UOy-ThO, dlssolved in 13'M HN% --0.04 M
NaF--0.0k M AL(NO ) (from the Thorex process) and UDp dis-
solved in 10 M HN% =-0.01 M Zr--0.05 M NaF (core dissolvent
from the Zirflex process) Test temperature was 35°C. Candi-
date materials besides Hastelloy F included Carpenter 20SCb
stainless steel, Hastelloy C, titanium-45A, and a vacuum-
melted, low-carbon variation of Ni-o-nel. Hastelloy F was
the only one of these materials which was satisfactorily
resistant to all of the test solutions.

1. INTRODUCTION

Many plans for the chemical recovery of fissile or fertile material
from spent fuel elements are based on the concept of a multipurpose
facility. In such a facility the cormoner types of fuel were to be con-~
verted into aqueous nitrate solutions which were then to be used as feed

for a solvent extraction process, such as the Purex process.

The head-end steps were adapted to the type of fuel to be prepared
for solvent extraction. One proposed multipurpose plant would have used
4 M HpS0, (Sulfex processl) and NHhF-NHuNO3 (zirflex process2) to remove
stainless steel and Zircaloy cladding, respectively, from ceramic (e.g.,
UO2 or UOQ-ThOQ) fuel cores. The fuel cores were then to be dissolved in
10 M 111\103 (for Uog) or in 13 M mvos-—o.ou M NaF--0.04 M 1\1(1\103)3 (for Uo,,-
Th02; Thorex process3). Fuel elements consisting of U02——stainless-steel
cermets clad with stainless steel and certain other fuel types not suscep-

tible to chemical decladding were to be completely dissolved in mixed HNO3-

HC1l (Darex processh).



The material of construction for the dissolver vessels varied accord-
ing to the nature of the reagents and the products of the reaction. The
Sulfex and Zirflex two-step decladding processes were to be conducted in
a Ni~-o-nel dissolver.5 The dissolver used in the Darex (HNO3-HCl) process
was to be of titanium.5’6 An alternative to the Sulfex decladding process
for stainless-steel-clad UQ —Th02 cores was the Darex-Thorex process,7 in

2

which the cladding was to be removed by dissolving it in 5 M HNO3--2 M HCI,
*
with the core being subsequently dissolved in 13 M HNOs--0.0b M NaF. This

process would be contained in the titanium dissolver.

A continuous centrifuge was also required, preferably one resistant
to corrosion by all the solutions produced by the several processes. Since
some fines are produced by cracking or spalling of the fuel cores during
irradiation or during the decladding process, it would be necessary to
recover such suspended fines from the decladding solutions before these
were sent to waste storage. Also, it would be necessary to remove suspend-
ed solids of any type from the core solutions before sending them on to

the feed adjustment and solvent extraction operations.

The purpose of this report is to summarize the results of corrosion
tests on candidate materials of construction for this multipurpose centri-
fuge. Although the proposed processing plant has since been dropped from
consideration, the corrosion data obtained in this study (October 1960-
May 1961) and the fact that Hastelloy F is very resistant to several

aggressive solutions, may be of value to other programs. 1
[

2. EXPERIMENTAL

Welded specimens of candlidate materials were exposed to the test
solutions, to the air-solution interface, and to the vapors above the
stirred solutions. Duplicate exposures were made in every case. The
solutions had the compositions expected for spent dissolvents from the

processes under study, after making allowance for cross-contamination

*
Addition of Al(NO3) to complex the fluoride is not necessary if a
titanium containér”is used (refs 5 and 8).
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of solutions in the case of the two-step dissolution processes (Table 1).
A test temperature of 35°C was regarded as being the most likely one for
these spent dissolvents. The specimens were normally removed each week

for examination and weighing.

Materials tested included Carpenter 20SCb stainless steel, LCNA,*
Hastelloy C, Hastelloy F, and titanium 45A (Table 2). The selection was
based primarily on prior experience with these alloys in various fuel-
processing media. All the metals were exposed in all media, although a

few (e.g., titanium in NHuF) were not expected to be satisfactory.

3. RESULTS

All the metals were satisfactorily resistant to the Sulfex decladding
solution. Cumulative corrosion rates for 672 hr of exposure were less

than 0.1 mil/month in every case (Table 3).

For the solution resulting from the Zirflex decladding process, rates
were lower than those for the Sulfex process for all metals tested except
titanium. The calculated cumulative rate for titanium during 672 hr of
exposure in this solution was about 6 mils/month (Table 4). The solution
was unstable with respect to the dissolved zirconium, part of which pre-
cipitated during the test period. Therefore, solutions were renewed
weekly, using freshly prepared solution so that all components, including

the zirconium precipitate, would be present in the test vessel.

Titanium, as expected, was the most resistant to spent Darex dis-
solvent. However, Hastelloy F was also quite resistant, with a maximum
overall corrosion rate of 0.05 mil/month for 674 hr of exposure (Table 5).
Hastelloy C was also satisfactory, with a rate of 0.36 mil/month. Both
LCNA and Carpenter 20SCb showed very erratic behavior when exposed in
vapor and interface positions. Rates for these two alloys varied from
a small fraction of a mil to 80 mils/month for 168 to 336 hr of exposure,

indicating the existence of an active-passive condition in the vapor phase.

*

A specially produced, vacuum-melted, low carbon alloy corresponding
closely in composition to the International Nickel Company trademarked
alloy, Ni~o-nel.



Table 1. Compositions of Test Solutions

Nominal Compositions,a moles/liter
Stain-
Solution less
Designation Preparation of Solution g WY Steer®  zett mtt vo, 2" ot a3t N N
Sulfex Dissolve 30 g of type 304L stain- & - 0.53 - -— ——— 0.001 -— -—- L ---  0.001
less steel in 1 liter of 4 M
HQSOM--O.OOl M NaF
Zirflex Dissolve 25 g of Zr in 1 liter of ~0 5.5 ——— 0.37 ——— -—— -——- -—- ~0,1 ——— ——— 3
6 M N F--1 M E), NO,
Darex Dissolve 45 g of 30LL and 5 g of 2.4 —— 0.88 - ——— - ——— —— 4.6 - 1.9 ——
302B stainless steels in 1 liter
of 5 M HNOy--2 M HC1
UO2 core® Dissolve 453 g UO2 in 1 liter of ~8 — - 0.01 ——— 1.0-1.9 0.05 —— 9.4-9.8 -=-  -=-  0.05
10M HNO3 containing O.01 M Zr
and 0. 05”M NaF
Thorex Dlssolve 275 g of 96% ThO,--L4% 8.5 -—— — ——— 1.0 0.04 -—- 0.0k 12.7 am-  -==  0.04
in 13 M HNO;-~Q.0k M NafF--
8& M Al(NO3 3

®Based on calculations from published flowsheets plus occasional analyses.

Pristed thus for convenience. Both 30k and 302 are "18-8" stainless types, i.e.,Fe 78-80, Cr = 17-19%, Ni = 8-10%,with minor amounts of Mn,
C, 81, etc.

“Some of the uranium hydrolyzed from this solution to form a precipitate. See Table 8 for some solution analyses.

Table 2. Nominal Composition of Candidate Materials

Alloy Co Cr Ni Fe Mn Mo Cu Si W c Nb Ti N H

Carpenter 20SCb

stainless steel -—— 20.0 29.0 43.6 0.75 2.0 3.0 1.0 - -—- 0.7 ——— - ---
Loma® --- 21 ko 31 0.6 3 1.75 0.4 --- 0,005 ---  (20xC) - -—-
Hastelloy C 2.5 max. 15.5 sh.6 5.5 1.0 16.0 - 1.0 3.8 0.08 - -—- - -—-
Hastelloy F 2.5 max. 22.0 45.0 21.0  1.55 6.0 — 1.0 1.0 0.05 max. =-- -—- - -
Titanium-45a - - _— 0.25 --- - -— _— -~ 0.08 max. --- Bal. 0.05 max. 0,015 max.

%a specially produced vacuum-melted alloy closely approximating the International Nickel trademarked alloy, Ni-o-nel.

— . o~
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Table 3. Corrosion of Various Alloys at 35°C in a Solution Derived from
the Sulfex Decladding Process

Test
b Period Cumulative Corrosion Rate (mils/month)
Alloy (hr) v I S
Carpenter-20SCb 168 0.03, 0.05 0.05, 0.05 0.05, 0.07
336 0.01, 0.02 0.02, 0.02 0.02, 0.03
50k 0.01, 0.02 0.02, 0.01 0.02, 0.02
672 0.01, 0.01 0.01, 0.01 0.01, 0.02
LCNA 168 c c 0.22, 0.21 0.28, 0.31
336 c c 0.11, 0.11 0.14, 0.17
50k c c 0.07, 0.07 0.09, 0.11
672 0.01, c 0.05, 0.05 0.07, 0.08
Hastelloy C 168 0.01, 0.01 0.06, 0.06 0.08, 0.08
336 0.01, 0.0L 0.05, 0.05 0.06, 0.07
504 0,01, 0.01 0.05, 0.05 0.07, 0.07
672 0.01, 0.01 0.05, 0.05 0.06, 0.06
Hastelloy F 168 0.01, 0.01 0.01, 0.01 0.01, 0.02
336 c c 0.01, 0.01 0.01, 0.0L
50k 0.01, 0.01 0.01, 0.01 0.01, 0.01
672 0.01, 0.01 0.01, 0.01 0.01, 0.01
Titanium-45A 168 0.01, ¢ c, 0.01 c c
336 c c 0.01, 0.01 0.01, 0.0L
504 0.01, c 0.02, 0.01 0.02, 0.03
672 0.01, c 0.02, 0.03 0.0k, 0.03

&5o0lution prepared by dissolving 30 g of type 304 stainless steel in 1
liter of k4.0 M H;S0),--0.001 M NaF.

bAlloy compositions listed in Table 2.

cIndicates small weight gain.

This conclusion was confirmed by repeating the exposure. It seems likely
that the existence of this active-passive state depends on the aeration
of the vapor-phase and interface-phase specimens; if contact with air is
prevented by condensing vapor, the metal will assume an active potential.
Whatever the explanation, LCNA and Carpenter 20SCb are not as resistant
to the spent Darex dissolvent as the Hastelloys and titanium. None of
the alloys corroded excessively in simulated, spent, Thorex dissolvent.
Cumulative rates for 672 hr of exposure varied from 0.0l mil/month for

titanium to 0.33 mil/month for Hastelloy C (Table 6).



Table 4. Corrosion of Various Alloys at 35°C in a Solution Derived from
the Zirflex Decladding Process

Test
b Period Cumulative Corrosion Rate (mils/month)
Alloy (hr) Y I S
Carpenter-20SCb 168 0.01, 0.01 0.02, 0.01 0.02, 0.01
336 c c 0.01, 0.01 0.01, 0.01
504 c, 0.01 0.01, 0.01 0.03, 0.03
ILCNA 168 c c c c 0.01, 0.01
336 c c c c c, 0.01
504 c c c c c, 0.01
Titanium-45A 234 0.03, 0.0L 7.49, 7.35 15.4, 1k4.9
504 0.01, 0.01 3.85, 3.67 7.51, 7.23
672 0.01, 0.01 3.17, 2.96 6.06, 5.86
Hastelloy C 168 0.01, c 0.03, 0.02 0.03, 0.03
504 0.01, 0.01 0.01, 0.01 0.01, 0.01
672 0.01, 0.01 0.01, 0.01 0.01, 0.01
Hastelloy F 234 0.01, 0.02 0.07, 0.08 0.08, 0.09
Lo2 0.01, 0.01 0.04, 0.04 0.0k, 0.05
504 0.01, 0.01 0.03, 0.03 0.03, 0.04
672 0.01, 0.01 0.03, 0.03 0.03, 0.03

&50lution prepared by dissolving 25 g of zirconium in 1 liter of 6.0 M
NH, F--0.01 M NH, NO._.
b i e
See Table 2 for alloy compositions.

®Indicates small weight gain.

A thermally cold solution prepared by dissolving UO2 in either pure
HNO3 or in HNO3 contaminated with small amounts of HESOM presents no cor-
rosion problem. A dissolver solution contaminated with fluoride (i.e.,
from the Zirflex decladding process) was, therefore, the only core solu-
tion other than Thorex to be tested. Alloy ILCNA, Carpenter 20SCb, and
Hastelloy F were all reasonably resistant to this enviromment; average
cumulative rates for 840 hr of exposure were 0.24, 0.47, and 0.68 mil/
month, respectively (Table 7). Both Hastelloy C and titanium were at-
tacked at excessive rates at the interface and in the solution; tests

on these materials were, therefore, terminated after 336 hr.

- ——
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Table 5. Corrosion

of Various Alloys at 35°C in a Spent Darex Dissolvent®

Cumulative Corrosion Rate (mils/month)

. 168 hr 336 hr 506 hr 674 hr

Alloy v I S v I S v I S v I S
Titanium-45A 0 0 0.01 0.01 O 0 0.0 0.0 0.0 0.0 0.0 0.0
c 0 0.02 0 0.01 0.0 0.0 0.1 0.0 0.0 0.01
Hastelloy C 0.28 0.35 0.50 0.22 0.26 0.43 0.18 0.33 0.39 0.15 0.20 0.36
0.23 0.25 0.39 0.19 0.21 0.3%4 0.15 0.17 0.32 0.13 0.15 0.31
Hastelloy F 0.05 0.08 0.10 0.0k 0.07 0.09 0.03 0.06 0.07 0.03 0.05 0.05
0.0k 0.08 0.10 0.04 0.07 0.09 0.03 0.05 0.07 0.02 0.04 0.05

LCNA 0.03 0.13 0.06 52.0 7.40 0.03d -- -- - - -- --
0.02 0.06 0.05 51.0 7.50 0.03 - -- - - -- --

Carpenter 20SCb  2.70  0.34 0.12  80.2 32.1 0.06% - - . - -- -
0.19 0.20 0.12 79.9 22.8 0.06 - - - - -- --

Repeat Tests

LCNA 0.06 56.0 o.5ud -- -- - - - -- -- -- -
55.8 57.3  0.24 S - - -- -- -- - -- -

Carpenter 20SCb 2.85 6.71 0.15d -- -- - -- -- -- -- -- -
0.21 1.24 0.1k4 - -- - -- - -- - -- --

gsolution prepared by dissolving

steel in 1 liter of 5.0 M HNO

3

L5 g of type 304 stainless steel and 5 g of type 302B stainless
--2.0 M HCl.

bAlloy compositions listed in Table 2.

cIndicates slight weight gain.

dTest discontinued after this exposure.



Table 6. Corrosion of Candidate Alloys in Spent Thorex
Dissolvent® at 35°C

Test
b Period Cumulative Corrosion Rate (mils/month)
Alloy (hr) v I S

Carpenter 20SCb 168 0.05, 0.06 0.06, 0.07 0.07, 0.07
336 0.03, 0.0k 0.05, 0.0k 0.05, 0.05
672 0.02, 0.03 0.03, 0.03 0.03, 0.03
LCNA 168 0.02, 0.02 0.03, 0.03 0.0k, 0.05
336 0.02, 0.02 0.03, 0.02 0.03, 0.03
672 0.01, 0.01 0.02, 0.01 0.03, 0.02

Titanium 168 0.02, 0.01 c c c c
336 0.01, 0.01 <0.01, <0.01 <0.01, 0.0L
672 0.01, 0.01 0.01, 0.01 0.01, 0.01
Hastelloy C 168 0.31, 0.30 0.36, 0.40 0.53, 0.49
336 0.24, 0.24 0.28, 0.32 0.42, 0.39
672 0.19, 0.20 0.23, 0.28 0.33, 0.31
Hastelloy F 168 0.06, 0.05 0.06, 0.06 0.05, 0.06
336 0.0k, 0.04 0.0k, 0.05 0.04, 0.0
672 0.03, 0.03 0.03, 0.03 0.03, 0.03
®solution prepared by dissolving 275 g of 9% ThO,--kh% UO, pellets in 1

liter of 13.0 M HNO3--0 .0k M A1(NO )3--0 ou M NaF.
Alloy compositions listed in Table 2.

Indicates small weight gain.

A second exposure of titanium in this solution gave rates for vapor-
phase corrosion and corrosion at the interface which were only about half
as large as those obtained for the first exposure. Although titanium had
already been eliminated from consideration by the excessive rate observed
for the Zirflex decladding solution, a few scoping tests were made to
define, if possible, the effect of minor changes in the composition of

the solution.

The results (Table 8) indicate the sensitivity of the titanium
corrosion to the F/Zr ratio, even in the presence of complexing agents
such as aluminum and iron. In these complexed solutions, pitting of the
titanium was observed, although the corrosion calculated as an overall rate

was low. This is in agreement with the results obtained in Thorex dis-

-
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Table 7. Corrosion of Various Alloys in a U0, Core Solution® at 35°C

Test
b Period Cumulative Corrosion Rate (mils/month)
Alloy (hr) v I S
Carpenter 20SCb 168 0.45, 0.45 0.59, 0.60 0.69, 0.62
336 0.37, 0.35 0.46, 0.47 0.53, 0.49
504 0.31, 0.31 0.4k, 0.43 0.48, 0.45
840 0.30, 0.30 0.43, 0.43 0.48, 0.45
ICNA 168 0.43, 0.42 0.49, 0.52 0.54, 0.4k
336 0.32, 0.30 0.33, 0.36 0.38, 0.32
50k 0.26, 0.26 0.28, 0.30 0.32, 0.27
840 0.22, 0.20 0.22, 0.24 0.25, 0.23
Hastelloy F 168 0.37, 0.37 0.53, 0.54 0.54, 0.55
336 0.30, 0.31 0.48, 0.47 0.49, 0.50
50k 0.28, 0.29 0.50, 0.49 0.51, 0.53
840 0.30, 0.32 0.62, 0.61 0.66, 0.69
Titanium 45A 168C 1.10, 1.20 10.3, 10.2 10.7, 10.9
336 1.20, 1.20 10.4, 10.7 10.8, 11.1
Hastelloy C 168C 1.2, 1.1 4.0, 3.8 3.9, 3.8
336 1.3, 1.4 5.1, 5.0 5.2, 5.0

a‘SoJ.u‘cion prepﬁred by dissolving 453 g of U0y in 1 liter of 10.0 M HNO3-—
0.01L M in Zr**, and 0.05 M in NaF.

Pp11oy compositions listed in Table 2.

These tests were terminated after 336 hr because of the severe attack on
the interface and solution specimens.

5,8

solver tests. Further tests are needed to properly evaluate this ef-
fect. The corrosion of Hastelloy F was not greatly affected by these

changes in solution composition.

L. CONCLUSIONS AND RECOMMENDATIONS

Hastelloy F is the only one of the candidate materials considered
satisfactorily resistant to all environments studied. The maximum rate
was never greater than 0.7 mil/month in any solution tested. The con-
siderable amount of corrosion testing that has been done on this alloy
in the HNO,-HC and HNO,-HF systems,”

of those studied, adds an extra margin of confidence to the results

which are also the most aggressive

obtained in this study.



Table 8. The Effect of Changes in Compositiona of a U0y

Titanium 45A and Hastelloy F

Dissolver Solution on the Corrosion of

Solution Designation and

Cumulative Corrosion Rate (mils/month)

(Ave. of 2 Specimens)

at Exposure Times

(hr) Indicated

Compositional Variables alloy® 28 Zho 336 1,05 508 558 700
No. 1. No F, 0.01 M Zr Ti-U5A v - <0.01 - <0.1 - <0.1 --
I -- c -- c - o) -
s - <0.0L -- <0.01 - <0.03 -
No. 2. 0.0l M Zr; F/Zr ratio = 7.1 Ti-454 v 0.1k -- - .- -- -- --
I 2.14 -- - -— - - -
S 2.61 -- -- -- - -- --
No. 3. 2 x 10'1L M Zr; F/Zr ratio = 200 Ti-45A v -- - -- -- 0.94 - 0.88
I -- -- -- -- 5+55 -- 5.25
S -- - - - 8.65 - 8.30
Hastelloy F v -- - -- -- 0.15 - 0.13
I -- - -- -- 0.20 - 0.18
s - -- - - 0.25 - 0.21
No. k. 6 x 10'“ M Zr; 0.07T M a13%; Ti-U5A v 0.69 -- 0.63 -- -- 0.5k 0.57
F/2r ratio = 100-150% I 2.8 -- 2.67 -- -- 2.48 2.40
] 3.52 -- 3.48 -- -- 3.h42 3.30
Hastelloy F v 0.12 - 0.10 -- -- 0.08 0.07
I 0.15 -— 0.12 - -- 0.10 0.08
S 0.15 - 0.11 -- -- 0.09 0.08
No. 5. 0.01 M zr; 0.07 M Fe3%; Ti-h5A v - 0.10 -- 0.09 - 0.07 -
F/Zr ratio = 6.3 I -- 0.94 - 0.85 - 0.78 --
s -- 1.00 -- 0.99 - 0.95 --
fgolution compositions (M): _
Free Acid y Zr F N, Al Fe ~F/2r
No. 1. Imitial 8.8 1.34 0.01 N.A. N.A. -- -- 0
No. 2. Final Not Anal. N.A. 0.01 0.071 N.A. -- -— T.1
No. 3. Initial 7.7 1.04 EXlO't 0.0k 9.7 -- -- 200
No. 4. Initial 7.3 1.17 6x10'u 0.09 9.4 N.A. - 150
Final 7.6 N.A. 6x10" 0.06 9.8 0.07 - 100
No. 5. Final Not Anal. N.A 0.01 0.063 N.A. -- 0.06 6.3

bAlloy compositions listed in Table 2.
®Yery slight weight gain.

0T
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Any further study aimed at selecting materials of construction for
multipurpose equipment such as that described here should consider not
only newly developed alloys such as Carpenter 20SCb (3), HAPO 20 (ref 10),
and Corronel 230, but also specially prepared heats of commercial alloys
such as the vacuum-melted, low-carbon variation of Hastelloy F investigated
by Maness.9 Similar low-carbon variations of the high-cobalt alloys (e.g.,
Haynes 25, Haynes 21, $-816) would probably have good resistance to all

the solutions considered in the study except the Sulfex dissolver solution.

Simulated fission products should also be included in solutions used
in any future tests. PFission-product concentrations of zirconium, niobium,
and the lanthanides should be effective complexing agents for the fluoride
in the UOE core solution, thus decreasing its corrosivity. Fission-product
ruthenium would probably act as a corrosion accelerator on ferrous and

nickel alloysll and as an inhibitor on titanium.
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