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I. SUMMARY », L

The corrosion rate of carbon steel in boiler water containing various con- .
centrations of oxygen was determined. | Average corrosion rates of b, 12 and

22 mpy were observed during 200 hr tests with oxygen concentrations of < 0.1, ]
2 and 10 ppm respectively. Pltting about 1 mil in depth occurred on carbon’ ;

steel specimens in the presence of 2 and .10 ppm oxygen..

The corrosion resistance; of a number of alloys was determined in 0.17T m
U0,50, at temperatures of 200, 250 and 295°C. Types ‘430, u3i, hipé, AM-350,
Croloy 16-1 stainless steels,. Incoloy; Carpenter alloys 10,20,and 20Cb;
CD4MCu; Hastelloy R-235; Multimet; and Timken 16-25-6 showed low corrosion
rates comparable,to those of the austenitic stainless steels. Nionel, types
414 and Croloy 1515 N stainless sfeel, andnthe Hastelloys B, C, X, and 25

showed lower cofrosion resistance than the-austenitic stainless steel.. .

Additional loop runs with UO3-Li CO3~CO solution have confirmed previous *
data with regard to its non-aggressive nature to carbon steel. However, '

testé completed in the temperature range of 250 to 280°%¢c have demonstrated

the low solubility of uranium at the higher températures. For example, at

temperétures between 265 and 280°C less than 1 g. of uranium per liter

remained in the solution.

It was demonstrated that protectlve films formed in 0.0k m UO 550, =~0. Oh1n
BeSOh -0.005 mCuSOJ+ solutions at 200 to 250 C and that the solution was
stable. The same solution was not completely stable at'300 C. Copper and
uranium were not lost” from solution but beryllium was. However, on lowering
the loop temperature to 200°C, the beryllium redissolved.

Dynamic loop tests showed that increasing the copper to'0.03 m or decreas-
ing the uranium concentration to 0.02 m in simulated HRT fuel solution ;
(0.04 ”ZUOQSOM’ 0.02 mHaSOl\L and 0.005 nzCuSOh) had no significant effect

on the solution stability or corrosiveness of the solution. N

The effect of varying the oxygen concehtiation between 250 and 2800 ppm
in 0.17 m UOESO4 at 250°C on the corrosion rate of type 347 stainless

e § ‘ ‘ UNCLASSIFIED
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steel was found to be negligible in the absence of added chromium (VI). In
. ’ the presence of 200 ppm chromium (VI), the corrosion rate at 13, fps was un-
affected but at 68 fps the corrosion rate increased from about 250 to 350 mpy

when the oxygen concentration was increased from 250 to 2800 ppm.

The corrosion rate of type 347 stainless steel in dilute sulfuric acid éol-~
. utions was determined at 250°C. The data shows that the log of the corrosion
rate at high flow rates=is linearly related to thelpH of the solution at 25000.

In the course of trylng to force a piece of Teflon from a titanium 1oop with
175 psig oxygen, 2 fire developed and ‘& portion of the titanium nipple in

which the Teflon was lodged was consumed in a flash of flame.

. : A 17-4 PH stainless steel specimen stressed to 75 percent of its room tempere~"
ature yield strength (80,000 psi) and exposed 19,364 hr to the vapor phase
2 ‘ above HRT solution at 300 C was found to have a stress-corrosion crack pene—

trating 80 percent of its thickness.

Pre-filming times of 50, 200, and 500 hr in boiling chlorlde free HRT core

solution were equally effective for preventing stress- corrosion cracking of

type 347 stainless steel upon exposure in a similar environment containing

50 ppm chloride. Whereas in the absence of a prleormed film, specimens
'generally cracked during the first 50 hr .in the chloride-containing soiurion,‘

the present. tests with pre-filmed spec1mens have operated 500 hr, and,ln one

case, 2500 hr . without the occurrence of cracking ’

In a study to determine the effect of the components in the HRT core solution,
singly and in varlous comblnatlons,at boiling temperatures on the stress--
corrosion cracklng behavior of type 347 stainless steel in the presence of
chloride, some experimental data suggested that the uranyl ion may exert an .
appreciable effect in promoting cracking. Other data, however, were not in
support of this effect.

The addition of sodium sulfite for removal of oxygen\from chloride-containing

distilled water at 300°b effectively prevented stress-corrosion cracking of

~
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‘ type 347 stainless steel for 400 hr to date. In other tests, several pre-
filming methods in chloride-free environments at 300°C were unsuccessful in
.preventing cracking of type 347 stainless steel in chloride- -containing water

at 200°C. '

Alternate materials including types 30k4, 30hELC, 309SCb, 316, 321, Carpenter ‘ o

T-Mo, and Croloy 16-1 stainless steel as well as Incoloy and Nionel were
subjected to stress- -corrosion cracking tests at 300 C in distilled water with .
100 ppm chloride at various pH levels. In general, the higher the nickel

content of the alloy, the more resistant the alloy was to cracking. Nionel,

an alloy containing 40% Ni, was fully resistant to cracking during test.

The corrosion behavior of electroless nickel plate on SAE 1045 carbon steel
was excellent in distilled water at 300°C at adjpeted pH levels of é.s, 7.5,
and 10.5. Corrosion'ratesAwere 1 mpy and less after 2000 hr. The presence
of 50 ppm chloride did not affect the corrosion ‘beh_avior° ‘

The corrosion resistance of Incoloy was found to be comparable to that of
type 347 stéinleSs steel in HRT-relatedlenvironmehts. " Of special signifi-
cance was the fact that the alloy was immune.to cracking in boiling HRT

core solution containing ehloride whereas such is not the case for type 3&7:

stainless steel.

Type AM-350‘stainlese'stEel in various heat-treated conditions exhibited:
excellent corrosion resistance in HRT core solution at b0111ng temperature
and at 300 C, corrosion rates were less than 1 mpy. At 200° Cy however,
the corrosion rates ranged from 5 to ll mpy. Tempered specimens of the o

alloy cracked in)boiling'HRT core solution confaining 50 ppm chloride.

Stellites 1 and 3 and Rexailoy 33, materials of interest to the HRP -
injection-pump program, were corroded at rates of approximately 1 mpy and
less by boiling HRT core solution. Stellite 98M2 corroded at a rate of

| 5 mpy in the same environment.
|
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INTRODUCTION

The data presented in the follow1ng sections represent the detailed results
obtained during the. past quarter (October 31, 1957 to January 31, 1958) by
the out-of-reactor solution corrosion group of the Homogeneous Reactor Project.
A sumary of the data has been reported in the Hbmogeneous Reactor Projeot

Quarterly Progress Report for the Period ending January 31, 1958.

It should be pointed out that the data presented below are, for the most part
preliminary, and the 1nterpretatlon of the results may change as further ex-

perimentation is completed.

100A LOOP PROGRAM (R. S. Greeley, S. R. Buxton, S. E. Bolt, W. C. Ulrich,
H. C. Savage, J. C. Griess)

A. Corrosion of a Variety of Materials in Boiler Water at 3OO°C°

The series of tests to study corrosion for a number of'materials in water
as a function of water treatment and oxygen concentration was extended to
36600. Previous results at 250°C havefbeen.reported.(l) Table I gives
the conditions of the runs and the analytical data obtained.l All runs |
lasted 200 hr. |

Two sets of runs were made. In runs I-kb through 50 solution was con-
tnnxusly recirculated and no attempt was made to maintain a constant pH

or phosphate.concentratlon Consequently in the runs with added oxygen,

the chromium (VI) concentration increased as the run progressed due to 4
oxidation of the chromium in the steel, and the pH of the solutlon de-
creased two or three units durlng the run. The phosphate concentration
also decreased 1n these runs. In runs I-51 through 53 fresh solution of

pH 9 to 11 contalning about 60 ppm phosphate was continously added to the
loop; the let down stream was discarded, and in this way the solution
compos1t1on was maintained as recommended for the HRT steam system water. (2)

The let-down system was described prev1ously (3)

UNCLASSIFIED

Y72 008



- 10 -

UNCLASSIFIED

an

Runs I-L4 and I-47 were made with distilled water without added chemicals
to establish a basis for comparison with runs using treated water. De-
aeration in I-U4 was accomplished bj heating the water in the loop to
120°¢ and sParglng with helium several times. The conductivity of the
water was between 1. 3 and 9.9 x lO =5 ohm-cm”~ -1 during the runs. In fun
I-45 deoxygenation was accompllshed by addlng two 10-ml portions -of 85%
hydrazine hydrate solution to the water in the loop. In runs I-47 ’
through 49 and: I-51 through'53 oxygen concentrations were maintained by .
continuous feed and let-down; however, in I-h9 the feed system aid'ﬁot
operate properly and the oxygen concentration Varied between 50 and 500
ppm. In run I-50, the let- down system was valved off and the run made

with. about 1000 ppm oxygen.

Table II lists the average corrosion rates observed in the first set of

runs, I-L4 through 50. Pins exposed at flow rates between 18 and hs fps -

were averaged.since little velocity effect was;observed,» Table III lists
the average corrosion rates observed in tle second set of runs; I-51

through 53. It should be noted that generally the corrosion rates liéted
would decrease with longer exposure times since all specimens were filmed

over. The results ~are. interpreted as follows
1. Austenitic Stainless Steels:

The several types of austeniﬁic stainless steels tested (tyyes 202,
304L, 316, 316L; 318, 3&7,.Cafpenter 20 and Cerpenter 20 Cb) behaved
- very much alike and showed low corrosion rates. Very little effect .
of varying the oxygen concentration in the phosphate-containing
water from 2 to 1500 ppm was evident. Corrosion rates in oxygen-

free boiler water were roughly 5 times less.

2. Miscellaneous Stainless Steels and Nickel Alloys:

Croloy 16-1, type 446, SRF-1132, Incoloy, and Nionel showed low
corroSioﬁ rates generally similar to those of the austenitic stain-
less steels. Type Llh was less resistant than the austenitic

UNCIASSIFIED
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Conditions of Water Runs at 300°C° (ALl Runs 200 hr)’

o Poh(a) Oxygen
. Solution conc'n conc'n .
Run.No. Composition (ppm) (ppm)
I-kh H,0 0. 0
I-45 H,0 + PO, 60 50 -0
(hydrazine)

I-47 H,0 o 7-11
I-48 H20 + POM 60—>25 b - 11
I-49 " 60—>30 50 - 500
I-50 " 60—>»30 700 - 1500
1-51(b), " 60 10
1-52(5) " 60 2
1-53(b) " 60 L

(a) As trisodium phosphate

(b) Fresh solution added continously.

- 11 -

" TABIE T -

Final Conc'n of Ions (ppm) -

< pH Ni Cr (III) Cr (VI) Fe ; _.CL _
bo- 7 <1 <1, <1 <1 <2
910 <1 <1 <1 3 <2
b -6 <1 <1 <1 <1 2
9—7 <1 <1 21 3 <2
936 <1 <1 27 <1 <2
96 <1 <1 18 <1 i
8 - 10 5 <1 <l <1 <2
9-10. 1 <1 <1 6 <2 .
9 - 10 1 <1 <1. 1 <2
A'vq
, 4
UNCLASSIFIED
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TABLE II

Average Corrosion Rates of Several Alloys iﬁ Water at 300°C

CORROSION RATE (mpy)

Run No. . I8 It 1os® 18 1awg® 1osoP
Oxygen Conc., ppm . . < 0.1 7-11 - < 0.1 L-11 50-500 _T700-1500
Type Metal - :
202 0.24 0.39 0.22 2.9 2.0 1.7
304L _ - - O.k2 - 0.37 0.36 1.2 2.2 2.2
316L ' 0.32 0.35 0.26 - 0.97 1.1 1.1
318 : 0.40 - 0.47 0.30 1.3 1.4 1.4
347 ' o.b2 -~ o0.h2 0.35 l.22 2.1 2.8
347 stress specimens - - - - 0.18 0.18 0.21 - 0.45 0.62 1.1
347 stress specimens® . 0,22 0.40" 0.2k 0.53 0.77 - 0.61
Carpenter-20 - 7 0.08 0.47 0.30 ° 0.64 0.68 0.34
Carpenter-20Cbh . 0.12 0.6k 0.22 0.68 0.76 0.77
Average, Austenitic SS 0.27 0.41 0.27 1.1 1.3 . 1.3
Lk 2.2 0.86 1.8 2.1 3.0 1.7
Croloy 16-1 0.32 0.39 0. 34 1.7 2.0 ‘1.9
146 0.0 0.30 0.17 Lk ks (1.9)¢ 1.2
SRF 1132° ‘0.75 0.60 0.6k 1.5 1.8 0.85
Armco Iron 6.5 5.1 h.1 8.6 17 6.5
A-212-B 8.7 13’ 13 (6.7)8 17 26 18
AISI C-1016 10 15 10 15 28 15
AIST C-1010 9.2 19 - 11 R N 21 12
AISI C-1019 stress specimens 7.5 19 22 ©13 8.3 29
ASTM A-T7 coupons 5.2 5.0 3.8 5.9 7.1 C 3.7
Titanium RC-55 £ 0.15 1.3 0.31 - 0.69 0.39
Niobium . b £ 1.3 . f f hig
Z1rcaloy-2 f f hig hid £ £
Nickel- Plated Carbon Steelf - - ‘ - - - 0.39

a. Distilled water

b. 60 ppm PO, as Na PO, '

Co Precrackeg by 1m3ers1on 20 t6 60 min in b01ling ho% MgCl

d. Omitting one value of 7.0 mpy at 44 fps.

e. Omitting one value of 33 mpy at 4b fps.

f. Specimen gained weight (after defilming)

g. Kanigen plated. .

’ : UNCLASSIFIED
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~TABLE III
. Average Corrosion Rates of Several Alloys at
300°C in Boiler Water Maintained at pH 9 to 10(2)
~ Corrosion Rate (mpy)- '
' T - 52 T I- 53 "I < 51
2 ppm Oxygen L4 ppm Oxygen . 10 ppm Oxygen
Material 5 to 18 fps fps 5 to 18 fps 46 fps . 5 to 18 fps 46 fps
202 SS 2.7 - 3.2 - 4.0 -
304L SS ‘ 1.4 2.3 : l'hA,' 2.3 . 1.k 2.1
316 ss : ’ 0.9 1.1 0.9 1.0 0.9 1.0
3""‘7 SS ' lo)'l' 205 1-6 20)"' 106 2-3
347 ss(b) 1.2 - 0.4 - - -
347 S8 stressed(Psc) 1.1 - . 0.6 - - -
347 S8 streSsed(c), A 0.8 . - : 0.5 - 0.8 . L
Avg. Aus. SS 1.b 2.0 - 1.2, 1.9 1.7 1.8 .
Armco Iron " 10 - 12 - ‘ - 15 -
A-212-B ‘ . 12 25 15 . ok 22 .33
AISI C-1010 , 11 17 1k .20 18 -2k
ATSI C-1016 12 2k - 15 23 . 20 . 29 - -
Avg. Carbon Steel 11 22 14 .22 19 .29
Incoloy 0.5 0.9 0.5 0.7 . 0.3 - -o0i5 .-
Nionel 0.8 1.3 0.6 1. 0.9 1.4
Ni-Plated Carbon 0.7 3.1 1.0 4.8 0.9 1.1
Steel d - ' , _ o . .
C-1010 stressed(c’e’f) 15 ' - 15 - - .4- - .'- - }
C-1010 stressea(c,e,g) 13, 6.7 - 16 - S -
C-1010 ‘stressea(P»d) 16 - - 2k . 45 -
ASTM A-T7 coupons - 7.1 - . 6.9 - - 8.3
(10 to 100 fps) : :
& .
(a) . 60 ppm PO, as trisodium phosphate. (f) Formed crevice with
(b) Coupled to carbon steel.. : ’ A,'. stainless steel.
(c) Stressed'beyond,elasﬁiC»limit. o {g) Formed crevice with
(d). Kenigen plated, 0.002 in. thick. : o carbon steel. -

(e) Galvanical;& coupled to stainless steel
through bolts and fulcrum.

UNCLASSIFIED
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stalnless steels but the difference between the two was not ds great
as at 250.: Co(l) Carbon steel AISI type C-1010; nickel plated to a
thickness of about Q.002 in. by the Kanigen electroless prqcess,(u)‘
gave excellent results. ‘Corrosion rates 5 to 10 times lower phan

for unplated specimens were observed.
Armco Iron and Cerbcn‘Steels:

Armco iron, carbon steel ASTM type A 212 B, and carbon steel-AISI
types C-1010 and C-1016 were exposed as pin specimens’ and all be-
haved 31m11arly Carbon steel ASTM type A-T7 was exposed as flat'
coupon specimens- and, perhaps due to a geometry effect, showed cor~
rosion rates roughly half &s great as the other types. All specimens
showed a definite increase in corrosion rate with increasing.oxygen
concentration up to 50 ppm. Although corrosion rates appeared to _
decrease slightly at 1000 ppm oxygen; the change in pH and phosphate
concentration and the build-up of .chromium (VI) concentration (from’
the stalnless steel loop) in.solution may have affected the rates.

The attack on the iron and steel specimens was irregular and;
particularly at-low flow rates in runs I-51,; 52 and 53 (2 to 10

ppm oxygen), extensive~pitting of the "oxygen cell"(s) type occurred.
Since the corrosion rates listed in Tables II and III were determlned
from weight losses, true penetration rates on the pitted specimens '
were considerably greater. Penetration rates calculated from pit
depths determined metallographically were 40 to 50 mpy. Figure 1
shows average corrosion rates,determined from weight losses;plotted
against oxygen concentraticn° Since true penetration rates are
larger than those shown, it is apparent that the oxygen ccncentretion

in the boiler water of the HRT must be maintained a8 low as possible.
Other Alloys:
Zircaioy-2 and niobium generaliy showed slight weight'increases

Tltanlum RC-55 corroded only slightly in dlstilled water but in the
treated ‘water rates ranged from 0.3 to l 3 mpy-.
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/ CARBON STEEL

, _ . TYPE ASTM A-242B

, TYPE AISI C-140410
- 15 L ' 3 TYPE AISI C-1016

20

10

AVERAGE CORROSION RATE (mpy) -

o
: ' o
- CARBON STEEL COUPONS
l‘/-/—:s TYPE ASTM A-7
/ . 10 to 100 fps
5 /
|
. _ TYPE 347 STAINLESS STEEL Lo
- B [ [ | | |
. ‘ o ‘ NICKEL PLATED ‘ LA
. ,/ ’T" . CARBON STEEL TYPE AISI C-1040
0 . 1 . L n 1 1 )
s 0 1 2 3 49 . 5 . 6 7 8 9 10 11 12
_ OXYGEN CONCENTRATION (ppm) ‘
¢ Fig. 1. Average Corrosion Rates of Carbon and Stainless Steels at 5 to 18

fps in Boiler Water at 300°C as a Function of Oxygen Concentration (200 hr. runs)
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Stressed .and Coupled Specimens:

In each run several type 347 stainless steel and several AISI type
C-1010 carbon steel specimens were mounted on a special streése
specimen holder which was inserted in one of the main barrels of
the loop.. The:stress applied ﬁas greater than the elastic limit
and the>flow rate of sblution over the specimens wa;_abéﬁt 3 fps.
None of the specimens showed stress-corrosion cracké,.and no sig-:
nificant acceleration of geﬁeral attack due to the applied stress'

was evident.

In runs I-52 and 53 specimens were mounted on top of one another in
pairs to give stainless steel - carbon steel, stainless steel -
stainless steel; and carbon steel - carbon steel coupies with a
crevice between ‘the speciﬁens. No significant effect of the cou-

pling or of the crevice formed between the couples was noticed.

In-runs I-kk through I-50, four type 347 stainless steel specimens

were assembled in pair§¢.stressed over a singlé fulcrum inserted

between them, and immersed 20 min to 1 hr in boiling 42o% MgCl,

prior to-being fastened to the holder and placed in the loop.

The purpose of'this treatment was to determine whether stress-
corrosion cracks once started in a chloride medium would continue

to propagate in the'absenpe of chloride in high temperature water.

Each specimen was examined under a low-power microscope before and

after the run in an attempt to determine whether the crackézhad
lengthened during the run. (The boiling Lo MgCl, treatment induced
cracks about halfway across each specimenf) In no instance did the
cracks propagate to give complete fracture of the specimen during
the run. However, it was not possible to deterﬁiné‘with certainty
whether the cracks had propagated further during the run. It may
have been that the stress was relieved by the cracking in the
magnesium chloride solution so that no further prbpagation would

have been expected.

UNCLASSIFIED
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B.

Corrosion Résistance of Several Alloys at 200 -to 29500 in 0.17 anOesOh-

The corrosion resistance of a number of alloys not previously tested and
of three alloys“hérdened.by appfopriate heat treatment was compared with
the resistance of the austenitic stainleés steels in uranyl sulfate at
200 to 295?0. The uranyl sulfate concentration was O. 17 m in order to
compare the results with previous tests. (6) Table IV lists the weight
losses observed at 5 to 11 fps and at 21 to 43 fps. Weight losses of
two to four pins of each:type were averaged in each vélocity range (ex-
cept where noted) since there was little effect of Velocity within each

range.

At 200°C all -of the alloys except Hastelloy B were covered with a par-

tially protective film at all flow rates. At 250°C most of the alloys .
exposed at 5 to 11 fps developed protective coatings, but at the higher
flow rates either no or only partial coating formed. Those alloys show-
ing low weight losses at 295°C developed prOtective films whereas those
showing high weight losses did not. If the weight lossgs'of the alléys

are compared to those of type 347 stainless steel it can be seen that,

with few exceptions, equally good .corrosion resistance was shown by the

- following: types 202, 302, 302B, 303, 30k, 304L, 309SCb, 3108, 316,

316L, 321, 347 cast, 430, 431, 446, AM-350, and Croloy 16-1 stainless
steel; Incoloy; Carpenter 10, 20 and 20 Cb; CDkMCu; Hastelloy R-235; -
Multimet; and Timken 16-25-6. The type 202 and the 300 series stainless
steels are austenitic. The types 430, 446,and Croloy 16-1 are ferritic
steels whereas the 414, 431, and AM-350 steels are martensitic and hard-
enable by appropriate heat treatment; Table V lists the heat treatments
given the types hlh,H43l and AM-jSO steels and their resulting hardness.
In the hérdegéd condition, types 431 and AM-350 showed no difference in.
corrosion resistance from that shown in the annealed condition. Incoloy
and the Carpenter alloys are alloys of possible use‘in_the HR program.
CDUMCu is an alloy which may be used as-cast or wrought and can be hard-
ened by aging. The Hastelloy R-235, Multimet and Timken are high strength

alloys of possible interest as bolt materials.
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'TABIE IV
[N
Afé;ége‘Weight Loss of Different Alloys in 0.17 m Uranyl
*" " Sulfate Solution at 200, 250, and 295°c
Average Defilmed Weight Loss'(mg/éma) in 200 hr
200°¢c 250°¢C _ 295°¢
Alloy 5-11 fps 21-43 fps 5-11 fps 21-43 fps 5-11 fps 21-43 fps
202 13 16 : 1 97 2.0 3.3
302 4.6 5.1 19 65 21.9 - 1.
3028 - 5.1 5.1 21 88 3.5 32
303 7.9 9.2 6.9 60 - 2.4 Ly
304 7.4 6.9 6.5 L6 2.1 51
30LL L.L L.h 11 69 2.3 45
3095Ch: L.o . h.1 11 2l 4.0 7-9
3108 2.9 - 3.4 16 60 4.6 9.3 ..
316 - 3.9 4.5 21 70 4.6 140
316L" 3.4 3.4 - 30 65 L.2 130:
321 K6 3.6 23 70 k0 130
347 6.0 6.9 22 69 2.9 11
347 Cast - 4.2 5.1 - 29 . T 3.8 120
347 cr pala) 0.87 5.5 120
347 cr pB(b) © 0.78 9.2 120
414 Annealed 20 - 33 21 23 23, o7
414 Hardened 20 23 13 14 17 17
430 9.2 13 5:5 51 1.5 25
431 Annealed 9.7 9.7 5.1 6.4 k.o 2.9
431 Hardened 12 13 6.0 14 o2 4.0
446 , 8.3 10 5.1 10 1.7 2.4
Croloy 16-1 6.4 10 2.8 6.4 1.5 1.7
Croloy 1§%5§ 12 14 25 97 2.5 13
AM 350(1){e 5.1 6.9 5.5 16, 92(a) 1.8 2.9
AM 350(2) (c) 5.6 8.3 k.0 13, 120(d) 2.0 3.1
an 350{(3)(c) .6 6.9 5.5 5.5, 110(a) 2.0 2.3
am 350{%#) (c) 4.6 6.5 5.1 12 2.3 3.1
aM 350(5) (c) 4.6 6.5 h.6 17, 70(a) 1.7 2.8
CD4MCu ' 4.3 L.2 1k 83 L1 78
Carpenter 10 8.3 8.3 12 87 3.0 26
Carpenter 20 3.k 4.1 30 78 6.9 150
Carpernter 20Cb 3.7 3.7 16 60 9.2 92
Hdstelloy B - > 2600 > 2600 : K :
Hastelloy C 4 33 36 160 240 360 1100
Hastelloy R 235 6.9 6.4 35 110 13 130
Hastelloy X 8.7 11 - 64 120 43 270
Haynes 25 6.0 6.0 64 . 87 280 460
Incoloy 8.3 8.7 24 100 6.9 17
Multimet - 6.9 T4 29 120 T4 190
Nionel 11 11 32 130 . - 18 190
k.5 8.7 11 .97 3.5 55

Timken 16-25-6

(a) Chrome plated 0.0002" by Electrolyzing Corp., Chicago Heights, Illinois.

(b) Chrome plated
(c) See Table V.
(@) Each value is

T2 017

0.000

for 1 pin.

5" by Electrolyzing Corp., Chicago Beights, Illinois.
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TABLE V
Heat Treatment and Hardness of Various Alloys .
. - ) . ‘ Hardness
Alloy Condition - (Rockwell C)
K1k A Annealed at 1250°F . T35
b1k H Heated at 1850°F for 1 hr-and quenched in oil W7
431 A Annealed at 1250°F | | 30.5
431 H - Heated at 1850°F for .1 hr and quenched in oil 43
AM 350(}) _ Annealed at 17SO°F fo: 1/2 hr and air'cooled } 3&.5
i . AM 350(2) Annealed and ‘subzero. cooled - o ‘ 38 A
(2 hr at -100°F) o
AM 350(3) Annealed and .subzero cooled and tempered : 43
| (2 hr at -100°F + 1 hr-at 850°F)
AM,350(h) s Annealed and intermediate aged = .. \ . 32
(1 br at 1350°F)
A AM‘350(5) ' Annealed and double aged - . o 3T
(1 br at 1350°F + 1 hr at 850°F) T
1 Ce
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Showing greater corrosion resistance than type 347 at 200 and 250°C but
poorer resistance at.295°c were type 347 stainlessvsteel specimens chromium
plated to a thickness of 0.0002 and 0.0005 in. by an electrolyzing precessa
Showing slightly poorer resistance than type 347 at all temperatures were
Nionel and Croloy 1515 N steinless steel; .and showing considerable poorer
resistance were the Hastelloys B, C, X, and 25, and stainless steel type
hak. Th?7§omp051tlons of several of the alloys have been listed in other'

reports.
tested.

Table VI lists the compositions of the rest of the materials

The results showed-that there are several alloys as resistant to 0.177n‘

uranyl sulfate as type 347 stainless steel.
Circulation of Uranyl Carbonate at 250 to 300°¢C.
Previous corrosion tests with lithium carbonate solutlons contalnlng dis-

solved uranium.trioxide have -shown’ very low corrosion rates at 250 C with

many materials including carbon and stainless steels.(§*9) Similar tests

' have now been made at temperatures up to 300°C. . The corrosion results are

listed in Table VII.

It can be seen that corrosion rates at 17 fps were generally low, less .

than 5 mpy, for all of'the materials tested. If one compares the data

obtalned at 300 C with that obtained at 250 C,(8) it is seen that the

rates are essentially the same.

Unfortunately, the solutions were not stable. In the firs% run, J-91,
ﬁranium and lithium precipitated at 300°C from a solution initially con-
taining 0.03 m UO (about 8 g of uranium per liter) dissolved in 0.19 m

Ii CO3 under 300 psi CO2 Withln 2k hr the solution contained only

0.002 anO (about 0.5 g of uranium per liter) and 0.06 m-Li,C 3 . In-

creasing the carbon diox1de partial pressure to 600 psi falled to increase

the solubility. Since Marshall and Secoy 1nd1cated that more uranium

(10)

would be soluble in hlgher concentratlon Ii CO a second run was

2773’
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020

19
19
19

19
18

17

27
17.5

Alloy  Cr
-302 17 -
3028 17 -
303 17 -
3093Ch: 23.2
3108, . 24.8
321 - . - 17 -
430 . 17 -
431 15 -
Croloy 1515 N "15.1
AM 350 17
cpiMCu 25 -
Hastelloy B <1
Hastelloy C 13 -
Hastelloy X 22
-Haynes 25 19.7
Incoloy- 19
Nionel . 21.9

TATATSSYTONN

- Ni

8-10 -

8- 10

8 -10

4.5

19.7

8 - 11

1 max -

" 1.25-2.50.

15.7

b2
4.7-7.0

62

Bal. Ni
Bal. Ni
10.1 -
40

Lo

TABLE VI

C

0.08 - .2

0.008 -
0.15 max
0.06

__0.08

0.08 Max
0.12 max

0.20 max
0.088

0.08
0.04 max
0.12 max

0.15 max
0.09
0.01
0.05

.20

)

 Mn

0 2

2
2
1

0]
1

1.
0.
0.

max

max

max

.76

.76

max
max
max

.34

.60
'O

42
90
61

O O O
[eAYUSAN;]
[@X VY]

Si

max

5T

max
max

max

.75

max

. Note: Ranges of values are given where only nominal values are avallable.

R " Compositions of Several Alioys.Tested‘in 0.17 m U0280LL

0.22

1.4y

2.75
1.75-2.25
26 - 30
16 - 18

51.6
3.26
2.97

Fe

Bal.

Bal.

-Bal.

Bal.
Bal;

Bal.
Bal.

Fe

Fe
Fe

Fe

Fe

Fe
Fe

Bal. Fe

Bal.

Bal.
Bal.
Y - 6

Fe

Fe
Fe

2.75-3.25 Cu

3

1
1

HOOOOHOOOOOOOO

cher

00)4- P max
.04 P .max

.89 Nb

.22 Cu

i5xC min -

L
t P max
1

.7-5.3 W

4.8 W

.85 Cu
«55 Cu

.03 S max

-15-0.35 se
.014 P,0.020 S

QATAISSYIONA

.080 P, 0AL7.S

0
.07 W,0.85 Nb

N
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TABLE VII

(11-82 fps)
(a)

Each~9alue is

for one pin.

0:3
-\3
B\
: The Corrosion of Several Alloys in Uranyl Carbonate Solutions
- .
Sﬁ Cbrrosion Rate (mpy)
J-91 (891 br) ' J-92 (209 Hr) J-93 (511 br)
300°¢C 300°C - : 250 to 280°C
. 0.03 m Uo3 + 0.19 m L12C03 0.07 m Uo3 + 0.25 m Li‘,:,co3 0.03 m Uo3 + 0.15 m L;i.2003
Material ~ 19 fps 68 fps 19 fps ‘65 fps 17 fps - -
Armco Iron 2.6 g 2.5 k.3 3.7 -
AISTI C-1010 2.k 2.6 3.7 L.2 2.9
AISI C-1016 2.5 | 2.8 4.1 6.3 bt
202 0.6 1.5 1.5 2.7
3041 0.7 5.0 - () 1.4 8.2
3095CK.; 0.8 2.8, 29 1.9 16 '
347 ' 0.3 2.1 1.1 10° 3.2
Carpenter 20 Cb 4.3 33 1.7 24
Incoloy 3.2 27 1.6 18 5.2
R 0.5 0.7 1.3 2.3
Croloy 16-1 0.2 - - - 1.5
430 - 0.5 1.3 2.6
431 0.3 0.6 1.3 2.0
L46 - 0.7 - 2.7
SRF 1132 - 11 - -
Stellite 98M2: - 21 - 67"
Ti RC-55 0.2 0.3 0.8 2.2
. Ti L% A1, 4% Mn - 0.4 - 2. -
- Ti 6% Al, 4%V 0.1 - ~1.1 -
Ti 3% Al, 5% Cr - 0.3 - 1.7
Niobium - - - - 0.5
Nionel - - - - 1.4
Crystal Bar Zr - . - - - 0.1
Zircaloy - 2 - - - - - 0.0
' i
347 sS Coupons 1.8 - 3.3 3.1

THTITSSYIONN
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made ‘at 300°C-with 0.06 m UO
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3 in 0.25 m Li,C0; under 600 psi CO,. Again
uranium and lithium precipitated and w1thin 150 hr the solution contained
only 0.004 WLUO (1gof uraninm per liter) in 0.07 m Li CO3° In order ’
to determine at what temperature precipitation first occurred, a third run,

in 0.15m
3 5

Figure 2 is a_plot of uranium and lithium con-

J-93, was made at successively higher temperatures with 0.03 m UO
Li CO3 under 600 psi . CO,-
centration as a functlon of time in run J 93 and shows that the solutlon
was stable for 150 hr at 250 C but vas unstable at 260 C and above. There-
fore, the uranyl carbonate system does not have adequate stablllty for

operation above 250 C.
Corrosion Testing in Beryllium Sulfate Solutions.

1. Circulation of 0.0k "ZUOESOh Containing O,Ok-mBeSOLL and 0.005 m
CuSOu. /
It was reported previously that corrosion rates of type 347 stainless
steel in 0.04 m UO SOA contalnlng 0.0k nzBeSOu and 0.005 mCuSOlL were -
lower at 200, to 250°C than in HRT solution (0.0 .71 YO soh RE O 027n
H SOh + 0.005 nzCuSOu) but that the specimens did not film over withln
200 hr. (ll)
would film over after longer exposure times, 500 and lOOO hr runs were

In order to determlne vhether stainless steel spec1mens

made with the beryllium - containing solution at 200°C and 500 hr runs
were made at . 225 and 250 C. Table VIII lists the condltlons of the
runs. Figures 3, 'k, and 5 1llustrate the results obtained with type

3&7 stainless steel coupons.

In Figure 3, it ean be seen that at 200°C the specimens filmed over
and showed no additional weight loss between 500 and 1000 hr at flow
rates up to a velocity of 15 to 20 fps. Figure 4 presents similar
data obtained at 22500 and shows that'little additional'cbrrgsion .
occurred after the 200 hr exposure up to flow rates of 15;td 20, f'ps.
In both cases corrosion rates.above the critical velocity were lower

by a factor of five than rates in the standard HRT fuel solution at

UNCIASSIFIED
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ORNL-LR-DWG 28652

150 hr. at 250°C

\

L

24 hr. \ 24 hr, 48 hr. 254 hr.
at ot at at
260°c es’cl 270°c 280°C
|l
\_____________________;
100 200 300

HOURS :
Fig. 2. Changes in Concentration of Uranium and Lithium at Various Temperatures.in Run J-93 (Initially

0.03m UO3 Dissolved in 0.45m LizCO3 Under 600 psi CO, Pressure at 250°C)
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TABLE ﬁIiI ,‘
Conditions of Rgns;vith‘0.0H’n‘UogsOh Cdntéining 0.0k n@:
| BeSO, and 0.005 m Cuso,, |
‘ o | __Concentration :
Run Time . Temp , U Be Cu
0-19 | 500 200 102 0.46 | 310
0-20 500 "2é5 | 100 . 0.39 . . 295
0-21 510 250 10,9 o 300
0-23 1000 - 200 . 10.3 - 0.50 300 ¢
0-18 ‘1000 30008 9.8 0.50®) 280

(a) Thermally cycled twice at 200°C.

(b) Final concentration was 0.30 gm/1 at 300°C.
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- SOLUTION VELOCITY (fps)

Fig. 3. Weight Losses of Type 347 Stainless Steel Coupons in
0.04m UO2S04 + 0.04m BeSO4 + 0.005m CuSO4 at 200°C
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Fig. 4. Weight Losses of Type 347 Stainless Steel Coupons in.
0.04m U02S04 -+ 0.04m ‘BeSO4 + 0.005m CuSO4 at 225°C
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Fig. 5. Weight Losses of Type 347 Stainless Steel Coupons in 0.04m
U02504 + 0.04m BeSOg4q + 0.005m CuSO4 at 250°C
T2 0R7

r 4



UNCIASSTIFIED -

the same temperature. At 25000, as shown in Figure 5, the results wefe
'anomaldus iQ-that weight losses.inithg 500 hr run were lowexn up to 52
fps, than in the 200 hr run. Although the reason for this is not known,
it appeared that the coupons filmed over up to a critical veloc1ty of
20 to 30 fps in both runs. The solutlons were stable at 200, 225, and
250'0.

It was noticed that the corrosion rate of the type 347 pins and coupons

at high velocity at 200°C was 1ncrea31ng with time and that the increase
was proportional-to the chromium (VI) concentration in solution. Tt has
been postulated that the rate of film formation is directly proportlonal

(%2) and hence the film formation at 200 C and

to the corrosion rate,
perhaps at 225 and 250°¢ might have been dependent on the chromium (v1).

concentration in solution. Since chromium (VI) is apparently not stable
in radiation fields, it is questionable whether stainless steel specimens

would film over. in reactor experiments.

In order to determine the phase stability of the beryllium-contaiﬁing

" solution, a 1000 hr run was made at 300°C. .The "loop was thermally

cycled to 200°C twice to find out if, any précipitates formed at the
higher temperature would redissolve at the lower temperature.. The
uranium and copper concentrations were constant withinyt 5.and + 15%,
respectively. However, beryllium precipitated'at"300°C and redissolved
at 200°C and the pH of the solution (measured at room temperature) -
changéd reversibly from 2.0 at 300°C to 3.0 at 200°C. Therefore ,the -
solution yas not..entirely stable at 300°C.

In view of the above results, it is possible that the dilute beryllium
sulfate-uranyl sulfate solution may offer advantages over HRT solution
from a corrosidn standpoint. In-reactor tests have shown that added
sulfate ion may inhibit radiation—induced corrosion of Ziféaloy—g.(l3)
Therefore, in-reactor tests with added beryllium sulfate appear war-
ranted to determine whether sulfate,ibns added as berylliﬁm sulfate will

inhibit radiation-induced corrosion of Zircaloy-2 and to determine

_ UNCLASSIFIED
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whether stainless steel spec1mens will film over in a ‘radiation. field.
Also both in reactor and out-of-reactor tests of solution stablllty at

temperatures between 250 and 300 C must be made.
Circulation of 0.0754ﬁ BeSQ#.

In the program of investigating corrosion of stainless steel'by beryl-
lium - ccntaining solutions; it became desirable to test the corrosive-
ness of beryllium sulfate solutions only Accordlngly, 0.075 m BeSOh
was circulated at 250 C for 200 hr with the iresdts shown in Figure 6.

The concentratlon was chosen to give roughly the same pH ds 0.17 m

" U0 SOu Both beryllium sulfate and uranyl sulfate give acid solutions

at room temperature but the beryllium ion is- not subJect to reduction
as is the uranyl ion. ‘A comparison of the corrosion of type 3h7 staln-
less steel in beryllium sulfate with that of the same steel in o. l77n
UO2SO)+ at 250 C shows that the solutlons were equally corr051ve at 8
to 15 fps but at higher flow rates the beryllium sulfate solution was
considerably less corrosive. The coupons were filmed over up to 48
fps in the beryliium sulfate solution. The beryllium sulfate solution
was less corrosive than the uranyl sulfate solution, possibly because
the berylllum sulfate solution contains less free acid at 250 C or
because the uranyl ion accelerates corrosion. Interestingly enough,
the 0.075 m beryllium sulfate solution was not stable at 250°C. The
beryllium concentrations fell at a constant rate from O. 075 to O. Oh3‘
m and the pH of the solution (measured at room temperature) decreased

from 2.6 to 2.0 during the 200 hr run.
0.75 m BeSO), Containing 0.25 anO3 (dissolved).

A previous run ("0"-6) with 1.0 m BeSQ, containing O. 36 m dissolved

' UO3 gave remarkably low corrosion of type 347 stainless steel at

250 C. (1 ) In attemptlng to duplicate those results, the solution

inadvertently contained only 0.25 mUO3 and 075nzBeSOh- The solution
was circulated for 200 hr at 250°C ("0"-24) and the corrosion results
obtained with type 347 stainless steel are shown in Figure 7. Rather
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Fig. 6. Weight Losses of Type 347 Stainless Steel Coupons in
0.075m BeSO4 at 250°C.
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than very, low corrosion, a sharp velocity effect and relatively high
corrosion occurred. As shown in Figure 7,-the results were very sim-
ilar to another previous run ("0"-5) with 1.0 nzBeSOh containing

0.25 m U0, at 25000.(11)" Therefore, the very low rates observed

3 ,
previously could not be duplicatedf

E. Stability andnCorrosiveness'of Dilute Uranyl Sulfate Solutions at 3OO°C°

Previous work has shown that about 0.02 nzHISOu must be added to 0.04 m ‘

- Uo sou containing 0.005 to 0.01 nzCuSOh to prevent hydrolytic precipita- .
.tlon of uranium and/or copper at 300 C.(ls) In order to determlne whether
decreasing the uranlum concentration or 1ncrea51ng the copper concentration
would affect solutlon stability, four runs Were made (in light water solu-
tlon) with 0.02 m U0 SO}+ contalnlng 0.02 or O. 03 nzCuSOu and various amounts

of sulfuric acld.  Conditions of the runs and reeults are listed in Table

o=

A 0.02 m UO SOh solution containing 0.03 mCuSOlL and 0.02 nzH SOh was stable
for 1000 hr at 300 C in run N-34%;, whereas 0. 02 anO sou solutlons containing
0.02 or 0.03 nzCuSOh w1th 0.006 to 0.01 mHSO,+ were not stable w1thin
1000 hr at 300 C. Therefore, s1nce approximately as much sulfurlc acid
(0.02 nﬁ is needed to stablize these solutions as those stud1ed prev1ously,
there appears to be no 31gn1f1cant effect on solution stability of decreas-
ing the uranium concentration a factor of two or of increa51ng the copper
concentration a factor of four to six.

. |
Corrosion of type 347 stainless steel coupons in these runs increased
slightly with increasing acid and copper concentration. A comparison of:
weight losses in 0.02 m UQ SOu containing 0.02 m H SOh and 0.03 nzCuSOh '
(run N-34) with those in O. Ok m UO SOA containing -0.02 m H 550, but dif-
ferent amounts of copper sulfate (runs A-88 and N-10) is shown -in Figure
8. It can be-seen that the critical velocity was slightly lower with the
0.02 anOzﬁoh solution than with the solutions containing Q.0 ”ZUO2SOM°
‘However; below 30 fps weight losses were somewhat lower in the solution

containing the lower uranium concentration. - Therefore at‘300°C,at least,
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TABLE IX

3,

- Conditions and Results of Solution Stability Runs

(300%C) o

Run Nominal Time © pH Uranium Conc (gm/1) Copper Conc (é'ﬂ}/l) 4
No. Composition (hr) Initial-Final  Initial ~ Final -Initial Final Remarks
N-32 © 0.02mUOLS0, 200 1.9 - 1.7 59 5.7 1.3 . 1.2 . Unstable

0.01 m H,S0, |

0.02 m Cuso, o S : ] ‘
N-33  0.02mUO,S0, 517 1.9 - 1.8 . 5.5. 5.1 1.8 1.3 ° Unstable

0.006 m H,S0, - | 1

0.03 m CuSo,, ' ' ‘ ' | o
N-34  0.02 m U080, 1000 1.6 - 1.6 5.0 5,3 1.9 1.8 ©  Stable

0.02 m H,S0)
M-34  0.02 mUO,S0, 1000 1.9 - 1.6 5.8 5.1 2.0 1.7  Unstable - -

0. 91 m HQSO).;.

0.03 m Cusob‘r

o 033' - | ‘ UNCLASSIFTED
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Fig. 8. Weight Losses of Type 347 Stainless Steel Coupons in Dilute Uranyl

Sulfate Solutions Containing Sulfuric Acid and Copper Sulfate at 300°C
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it is necessary for either 0.02 or 0.04 m UO SO“ solutions with copper
sulfate to contaln 0.02 H SOh for chemical stability; and with ‘this amount
of ac1d both solutlons are about equally corrosive.

Effeét of Ox&gen Concentration in 0.17 m UO.SO, at 25000,
NS : o N

2

The effect of oxygen concentratlon on corrosion of stalnless steel in

(16)

uranyl sulfate has been studied prev1ously but in the stalnless steel ;
loops used for testing there has always been the problem of the building

up of chromium (VI) concentration in solution which affected the-results;' .
Therefore,:sevefal runs were made in an all-titanium loop to avoid large '
changes in chromium (VI) concentration during the test. The results are
plotted ih'Figure 9. All runs wvere made at 250 C for 100 hr with O. 177n
ersoh. Two type 347 stainless steel Pins were exposed at 13 fps and two
at 68 fps in each run. The corrosion rates plotted as the ordinate in
Figuré 9 are the average rates for: the 100 hr runs. It should be pointed
out that at the=loﬁ flow rate (13 fps) the specimens developed films and
with further exposure would show no additional corrosion. Hence, the
rates are only relative. On the other hand, those specimens exposed at
the high flow rate did not develop films and those corrosion rates would
remain the same regardless of the exposure time: '

It can be seen that at 70 fps in the presence of 200 ppm chromium (VI)
added as potassiﬁm'dichromaﬁé corrosion rates decreased with decreasing
oxygen concentration. When no chromium (VI) was added, corrosion rates
did not vary with the oxygen concentration. The 5 ppm chromium (VI)

came from oxidation of chromium in the étainless steel pins. .At 13 fps
there was little, if .apy,.effect of oxygen concentration either in the
presence or absence of addéd‘chromium (VI)° The explanation of these -
results may be that in the absence of a protective film on the steel at
high flow rates the 200 ppm chromium (VI) accelerates the corrosion rate
to the point where the rate controlling step involves oxygena AThis step
could be either the diffusion of oxygen to the metal. surface; the adsorp-
tion 6f oxygen on the surface, or the reaction of oxygen with the metal.

In the absence of chromium (VI) some other process not involving oxygen

-would be the rate controlling . step.

_ UNCLASSIFIED
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Fig. 9. Effect of Oxygen Concentration on the Corrosion of Type 347 Stainless Steel Pins in
0.17m U02S04 at 250°C (Titaniam Loop 100hr. Runs)
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The Corrosion of. Stainless. Steel in Dilute Sulfuric Acid at'250°C.‘

It has been felt that a study of corrosion of stainless steel in dilute.
sulfuric acid at high temperatures might help interpret the mechanism of
corrosion of stainless steel in high temperature uranyl sulfate SOiutions°
Previous studies(l7)xhave been made in stainless steel loops but‘they were
complicated by the build-up in solution of corrosion products originating
from the large surface area of stainless steel in the loops. To circum;
vent this difficulty,‘an.all-titaniﬁﬁ loop was used in the present in-
vestigatipn, Runs‘were made with 0.05, 0.025, and 0.015 nzHéSOu at 2SO°C
with two type 347.stainless steel pins exposed at 13 fps and two at 68 fps.
Thé data obtained at.68 fps are plotted versus the calculated pH of the
solution in Figure 10. The pins exposed at 13 fps gave erratic results

and are not included .in the present discussion.

Lietzke and Stoughton have given a method by which the pH of a sulfuric
acid solution may be calculated at 250°C using the equation of Yoﬁng for.
the change in the bisulfate dissociation constant as a function of-temper-

(18) '

ature. The pH of the solutions used in this study was:sqbc&i&ﬁﬁéﬁ€@§214

and the values obtained are the ones used in Figure 10.

The line connectihg the points in Figure 10 was drawn with a slope of -2. '
The excellent fit of the data fo such a slope is strong evidence that the
rate determining reaction in the corrosion of stainless steel at 68 fps in
dilute sulfuric acid involves two hydrogen ions. Two possibilities Qf such
a reaction are:

(1) (Pe, Cr, Ni) + 28 —s (Fe'*, oo™, ni™) + H,

++

(2)  (Pe, Cr, Wi) + 1/2.0, + 28 — (Fe**, or™, m*") + B0
. . ? 2 2

Since oxygen is consumed in the corrosion reaction, equation (2) seems the

more probable, although equation (1) may be the rate determining. precursor -

to catalytic combination of hydrogen and oxygen on the steel SurfaC¢. Further

work will involve determining the role 6f urany1 ionsﬁn.changing the above

reactions.
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Fig. 10. Effect of Hydrogen lon Activity (pH) on the Corrosion of Type
347 Stainless Steel Pins at 68fps in HySO4 at 250°C (Titanium Loop, 200 hr, Runs)
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H. Ignition of a Titanium Fitting in Oxygen at Room Temperature.

Recently in preparing an all-titanium loop for a run, a piece of Teflon
used as a“gasket became wedged in a Ti-T75A nipple. The loop was pressur-

» ized with about.l75 psig oxygen.at room temperature in an effort to force
the Teflon from the lobp; When this failed.to'remove the Teflon, a file
was used to pry the Teflon loose. Apparently the file‘scratched,ﬁhe.surface,
of the nipple and immediately the titanium nipple caught fire.

Figure 11 illustrates the remainder of the burned nipple and for comparison
shows a new nipple identical to the one that burned. As can be seen, about .
3/8 in. of titanium was consuned by lhe fire. The incident undérscores the
possibility of tifanium—oxygen reactions even at ﬁodefate pressures at room
pemperatures. Work being performed on subcontract to the Laboratory is in-

vestigating these reactions in more detail.(l9)

I. Metallographic Examination of Stress Specimens Exposed in Simulated HRT
Fuel Solution at 300°C. '

It was reported previously that metallographic examination of stress spec-
'imens exposed in simulated HRT fuel :sélution (0.04 anOstu containing .
0.01 ;ocxozs mHesOJ+ and 0.005 to 0.0I%m CuSOh)-for 12,543 hr at 200°C
and of specimens exposed foi 13,385 hr at 250°C revealed no stress-cor-

(20

rosion cracks. ', Since then, metallographic examination of “stress

specimens exposed-lh>36& hr in simulated HRT fuel solution at 3OOQC'has
been carried out. The specimens examined included types 3CE9sGBw&gE7§,A
17-4 PH,, and -hardened AM-350 stainless steel and titanium alloys 110AT and
130AM.. All specimens were initially stressed to 75 percent of their
room temperature yield strengths; and one specimen of each type was ex-
posed in the vapor phase and one to three specimens of each type were A
exposed in the liquid phase. . '
. Metallographic examination -of the 17-4 PH specimen stressed to 80,000
psi and exposed in the vapor above HRT solutipn at 300°C diScloéed’é

stress~corrosion cratk which penetrated about 80 percent of the 1/8 in.

UNCLASSIFIED
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thickness of the specimen. The crack is shown in Figure 12. No cracks were
found in the area of maximum stress on the three other 17-4 PH specimens
stressed similarly but exposed in the liquid. No cracks were found on the

other types of stressed materials simultaneously exposed.

The hardness of all of the 17-4 PH stress specimens exposed at 3OOOC was

about Rockwell C-43 at the end of the test. However, the specimens presum-
ably were only partially hardened to Rockwell C-38 prior to the test (identical
specimens exposed 13,385 hr at 250°C and 12,543 hr at 200°C still exhibited a
Rockwell C-38 hardness after the test). Therefore ,somehow the specimens at
300°C became hardened during the test to the fully hardened condition of Rock-
well C-43. Tt is known that 17-4 PH stressed specimens will crack when ex-
posed to uranyl sulfate in the fully hardened condition.(EI) However, the
reason for the specimens exposed in the liquid and spray regions not cracking

is not known.

J. Composition of Scale Formed on Platinum Pins Exposed in 0.17 m U0280br at
200 to 295°C in Stainless Steel Loops.

During the runs discussed in Part B of this report, gold and platinum pins
were also exposed. The gold pins collected a very loose scale at 200 and
25000 which flaked off. The platinum pins collected: a tightly adhering
scale whibh was dissolved off with fuming perchloric acid and analyzed
chemically for iron, chromium, nickel, and uranium. The results obtained
from the platinum pins are given in Table X in which the analyses have
been converted to percent of the oxide in the scale. The scale weight on
each pin was only about 1 mg, so the accuracy of the data is at best only
about + 10 percent of the values listed. Pins were exposed during two runs
at both 250 and 300°C. Both sets of data are listed in Table X for 250°
but at 29500 a significant amount of scale was collected in only one run.
The reason that scale was collected in one run at 29500 and not in the
other is that several alloys which corroded severely and put a much higher
concentration of corrosion products into solution were inéluded in the

former run. These corrosion products collected on all surfaces.
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TABLE X

Composition of Scale Formed on Platinum Pins in
0.17 m UOQSOlL

gemp. Flow Rate Film Wt. FeoO Crp03 . NioO Uo Total
o (£ps) (g %) @ % 4 @
200 5 1.4 88.9 10.1 0.2 29.2 128
11 T2 63.5 5.1 Ol T8 81

g2y 1.k 97.0 1340 0.2 2.9 g i

Lo 135 88.3 9.8 0.1 2.6 101

250 5 0.7 7T b 9.4 1.0 13.0 101
11 2.3 56.2 9.3 0.6 6.0 69

21 1.6 98.8 8.9 1.6 8.2 118

40 1.9 99.6 8.5 1.6 18.9 128

250 5 1k 87.3 313 2.5 < 101
. ok 1.8 90.6 11.8 1.5 X6 116
43 2.2 84.3 10.5 1.5 23.3 120

295 5 1.5 48.0 9.6 2.5 13.3 71
10 1.5 79.0 11k 2.0 4.3 107

24 2.0 68.5 15.8 3.5 8.3 96

43 2.2 67T 11.3 1.6 9:1 90

Averages T79.5 10.3 af e 1ll.5 103
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Several interesting facts are apparent from consideration of Table X:

1. TLittle significant difference in scale composition was caused by dif-
ferences in flow rate or temperature. Even chromium, which at 29500
is appreciably oxidized to the soluble chromium (VI),was present to

about the same extent at all temperatures.

2. The uranium content of the scale was appreciable, about 12%. This
result is surprising since many previous analyses of the.scale formed
on platinum pins in 0.17 m UOQ SOh have consistently shown only about
1% uranium in the film. This discrepancy in results has not been re-

solved.-
3. The nickel content of the scale was almost negligible.

4. The iron-chromium ratio in the scale was about 80:10 whereas in the

metal it is -about 75:18;.the scale appeared to beienriched in rion.

The manner of transport of the corrosion products to the platinum surface
is not known, but it is likely thaf ferric and chromic ions oxidized from ,
a corroding steel surface nydroLyze“to colloidal-size particles. These
particles are swept along by the circulating solution until they meet a
surface with an appropriate electric charge (depending on the zeta poten-
tial of the colloid and the streaming potential of the surface) which
flocculates and collects them. Ev1dently gold does not have as appropriate
a potential as platinum. Since chromium is oxidized to fhe trivalent state
more easily than iron, presunably the chromium would more likely be oxidized . .
and hydrolyzed very close to the steel surface whereas the iron would tend
to be swept away. Nlckel, of course; remains essentially soluble and forms
few, if,any, hydrolyzed particles. The uranium in the film, if uniformly
distributed over all the stainless steel surfaces of the loop in the same
proportion as on the platinum pins (assuming the 12% value is correct),
amounts to about 0.8 g. Than is; about 0.2% of the uranium in solution is
either in colloidal form and collected by the platinum as discussed above

or is occluded by the scale as it grows.
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IV.  LABORATORY CORROCION STUDIES ( J. L. English, D. N. Hess, P. D. Neumann
and J. C. Griess)

. A. Stress-Corrosion Cracking of Type 347 Stainless Steel

1. Effect of Pre-Formed Films in Uranyl Sulfate Solution.

Continuation of a study to determine the effectiveness of pre-formed
films for eliminating the susceptibility of type"3h7 stainless steel

to stress-corrosion cracking in boiiing, chloride;cdntaining.uranyl
sulfate solution was made during the-past quarter. Previeus work
showed that a film fermed'on type 347 stainlees steel stress. specimens‘
by treatment in b011ing, chloride free HRT core solution (0.0% m

uo SOh-O .02 nzHéSO -0. 005 nzCuSO ) did protect the specimen from stress-
corrosion cracking exposure in a'slmilar environment contalning 50 ppm
chloride (22,23)

effective whether the U-bend was formed befdre or aftef pretreatment.

It was also found that the pre-formed film was equally

An improvement in the general corrosion reeistance of type 347 stainless
steel in the boiling chloride-containing uranyl sulfate solution was

also attributed to the presence of the p:e-fofmed film.

Recent studies were cencerned with the incidence of stress-corrosion
cracking as a function of ‘the prefilming time. *Elastically-efressed

U-bend specimens of type 347 stainless strel in triplicate were ex- _
posed for periods of 50,100 and 500 hr in boiling and serated;, chloride-free
HRT core solution. With several exceptions, thé'specimens;were stressed
before the prefilming operation., After prefilming the specimens were
returned to a similar environment to whlch 50 ppm of chloride vere added

as pota331um chloride. Results appear in Table XI

In a total of 17 U-bend epecimens, no cracking was found during exposure
periods of 500 hr and 2500 hr. Previous work showed phat in a similar
environment but with no prefilming of surfaces. 75% of the U-bend spec-
imens tested cracked during‘the initial 50 hr; 85% of the epecimens
cracked during the first 400 hr of the test. The 500-hr tests listed

in Table XI are being continueds
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TABLE XI
) Effect of Pre-formed Film on Stress-Corrosion
. Cracking of Type-3h7 Stainless in Boiling and Aerated
HRT Core Solution(l) Containing 50 ppm Ghloride
Preftl? " No..of Total '
Time (2 (hr) ' Specimens Hr . Observations
50 3 500 No Cracking
200 3 500 o No Cracking
500 3 500 No Cracking
500(3) 8

2500 . ‘No Cracking

(1) o. Oh m U0 SOh containing 0.02 m H SOh and 0.005 nzCuSOh
(2) Iﬁe filmed in boiling chloride-free HRT core solution.

(3) Specimens were prefilmed both before and after stressing.

\
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On the basis of the preliminary experimental déta, it appears that if
chloride ions' inadvertently were' introduced into the low pressure system
of a homogeneous reactor, the presénce'of a pre¥fofmed film previously
formed under conditions of chloride-free operatioh would be of consider-
able benefit in protecting against stréss cofrosion cfacking° Future
work with pre-formed fllms will be concerned with the effect of pre-
filming temperature on the effectiveness.of the film in minimizing -

stress-corrosion cracking of type 347 stainless stéel.

Effect of HRT Core Solution Components.

Since laboratory tests demonstrated that 'a boilingAand aerated solution
consisting of 0.04 m UOZSOH; 0.02 nzHéSOu, 0.005 nzCuSOh'and”25 to 500
ppm chloride could induce stress-corrosion cracking in type.347 stainless
steel, it was of interest to examine the effect of the componénts of the

solution: (except chloride),. either 31ngly or in combination; on the stress-

corrosion process. All test solutlons contained ‘50 ppm chloride added
as pétassium'chlorlde. In several 1nstances, potassium ions were sub-

stitﬁted for uranyl ions.

Test specimens consisted df'elasticélly-stressed U-bends prepafed'from
annealed and pickled 00025;in. thick typg 347 stainless steel strip.
Edges of specimené wereAmechanicaily polished before stressing. Each
test was run with two, three, or four stress specimens. The results
are included in Table XII. . |

In the control tests with a solution contgining uranyl sulfate, copper
sulfate, sulfuric acid and 50 ppm chldride,‘cracking was observed on 5
specimens during a 400-~hr exposufe. Four of the 5 specimens exhibited
cracks during the initial 50 hr.’ When the uranyl ions were replaced by
potassium ions in two cases (KéSOu-H 50y, -CuS0;, and KéSOA-H SOu), no
cracklng of spec1mens occurred during a 2500-hr exposure. Similarly,
no cracking was observed in the following chloride-contalning solutions
after exposure‘periods ranging from 300 to 1500 hr: 0.0% m UO S0, -0.02
m H SOA, 0.04 m U0 SO,_F-O .005 m CuSO,_P9 0.02 m H SOu, and 0.005 m CuSO,_L
However, in the 0.04 m UO soh solution, 3 of 8 specimens showed . cracks
after 500 hr.

N2 Q47 | ' . UNCLASSIFIED
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Solution

0.04 anOesOh

0.02, m__HQSO

0.005 nzCuSOhf

0.0k m KZSOH-
0.92‘"ZH2SOh
0.005 m Cuso,

0.04 nzKéSOu
0.02 m H280,+

0.02 "2U02$04
0.02 nLHéSOh

0.04 mersoLL
0.005 m CuS0),

0.02 mHZ280)+
0.005 mCuSOLL

0.04 anOzsou

- 49 -

TABLE XII

Effect of HRT Core Solutibn Components on Stress-~Corrosion
Cracking Behavior of Type 347 Stainless Steel: o
Atmospheric Boiling with Air Aeration and 50 ppm Chloride

Number of ~

Specimens

>

" Total

Hr

400

.~ 2500

2500
1500
500

1500
300

500

Observations

. Cracking observed'on-ail

. specimens; 4 of 5 specimens

cracked during initial 50 hr

No cracking

No

No-

No

No

No

cracking

cracking.

N

cracking .

cracking

cracking

Cracking observed on 3

specimens

UNCLASSIFIED



UNCLASSIFIED

- 50 -

Thus, the initial experimental evidence on the effect of various com-
ponents in the HRT core solution om the stress-corrosion cracking -be-

havior of type 347 stainless steel suggesté'that under conditions of

© atmospheric boiling and in the présence of chloride, the uranyl ion:

is an important factor in the mechanism of the cracking process. Of
the different solution systems tested thus far, only two were capable
of producing cracks; namely, the 0.0k m 00,50, -0.02 m H SOu -0, 0057n
CuSOu solution and the 0.04 m UO 550y, solutlon

Some additional information on the fole of the uranyl ion was obtained
with U-bend sPeciﬁens removed from the 2500-hr fest in the boiling
0.04 mK'QSO)+ solution containing 0.02 m H, SOu, 0.005 mCuSO1+ and 50
ppm chloride. Upon completion of the test, the -specimens were pick- -
led in HNO3-HF solution to remove surface films and returned to the '
original solution. Uranyl sulfate was added to make the solution

0.04 m and the test continued. During the initial 200 hr one of the

duplicate specimens exhibited a crack. waevér,lno further cracking

developed during an additional 1300 hr of exposure.

In & second test, contradictory results were obtained in the presence
of the uranyl ion. Duplicate.U-bend spécimené, after 2500 hr in boil-.
ing 0.04 mK;280h solution containing 0.02 m H SOh and 50 ppm chlorlde,
were pickled to remove surface films and then exposed in boiling 0.0k
m UOESOlL solutiop containing 0.02 nzHéSOu, 0.005 m CuSOl1L and 50 ppm
chloride. Whereas, generally, cracking of type 347 stainless steel
U-bend specimens occurs within a period of 400 hr, the present dupli-
cate stress specimens have shown no evidence of cracking during 1500
hr of test. ' _ - .

Future work will deal with a more comprehensive study to define the -~ {
effect of the uranyl ion on the stress-corrosion cracking process.-
of special.interesf will be a study on the effect of uranium concen-

tration as affecting cracking in boiling uranyl sulfate solutions.
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Behavior in Chloride-Containing Water at Elevated Temperatures.

Previous laboratory studies have shown that stress- -corrosien cracking
in type 3h7 stainless steel exposed in distilled water at pH values
of 2. 8, 6.5,and 10.5 and containing from 25 to 100 ppm chloride can
occur at temperatures of 150, 200, 250 and 300 c. (24,25)

demonstrated that the incidence of cratking was independent of the

It was also

dissolved oxygen content in the range of approximately 10 to 1200 ppm
under similar conditions of chloride concentration, water pH and temp-
erature. Furthermore, no evidence of cracking was observed in stressed
type 347 stainless steel after 3000 hr in pH 2.8 distilled water con-
taining 50.to 560 ppu chloride at atmosnheric*boiling with air-aeration

of the test solutions. However, at 100°¢ in,d;stilled water containing

- 100 ppm chloride at pH values of 2.8 and lO-S,ncracking was produced in

seven of eight specimens in 400 hr or less when the environments were

initially pressnrized with 150 psi of oxygen at room temperature.

In order to‘determine the susceptibility of type 347 stainless steel to
cracking in chloride-containing distilled water in the absence of oxygen,
tests were run at 300°C in solutions containing 100 ppm chloride at ad-
justed pH values of 2.8, 6.5 and 10.5. After the U-bend stress speci-
mens and solutions were placed in stainless steel auteciaves, a double
fneezing -vacuum degassing treatment was used to'remove oxygen. After
400 hr, four of the six stress specimens in solutlons with inltial pH
values of 2.8 and 10.5 had cracked. No cracks were observed after 400
hr in specimens exposed to the pH 6.5 solution.

Since some doubt exists regarding the efficiency of'the degassing
operation, it cannot be stated with certainty that'cracking occurred
in the absence of oxygen' Tests are being run in which sodium sulfite
has been added to solutions as an oxygen scavenger. The amount of
sodium sulfite used in each test was double the amount of‘oxygen
theoretically present. To date, no cracking has been observed after
400 hr of test. Residual sulfite concentrations of 15 to ‘80 ppm at
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the end of each 100 hr period indicate the complete removal of oxygen.
These data are in support of the recent work reported by the Bettis
(26) In the
Bettis studies; no cracking of type 347 stainless steel was obtained
at 260 C in synthetic boiler water contalning 50 ppm chloride and

sodium sulfite. However, when the chlqride content was increased to

- 500 ppm, cracking was.observed in_sblutions containing low. residual

concentrations of sodium sulfite.

' Preliminary studies (reported in a preceding section) showed that a 1

film formed on type 347 stainless steel by exposure in boiling, chlo=’.
ride-free HRT core soiution effectively eliminatéd cracking éensitivity
when chloride was added to a similar environment - Therefore, the use
of a pre-formed film was investigated as.a means for combatting stress-
corrosion cracklng in chlorlde containlng distllled water at 200 C.
Prefilming of stress U-bend spec1mens was accompllshed by two methods:
(1) heating in chloride-free distilled water for 100 hr at 300 C, and

(2) heating for 100 hr at 300°C in distilled weter containing 500 ppm

chromate added as sodium ph:dmate.' The filmed specimens were then
placed in distilled:water at-goo°c which contained 100 ppm chloride..
The 200°C temperéture was chosen because previous work showed that

the time to cracking was shorter and the frequency of cracks was c6n7

siderably greafer than wag observed at other températpres.

All of the prefilmed streés‘specimens cracked in 100 hr or less.
Further testing is planned to détermine if films forméd in boiling
uranyl sulfate solution will resist cracking in chloride-dontaining

water at elevated temperatures.

B. Stress-Corrosion.Cracking of Alternate Alloys. . °

In addition to %ype 347 stainless steel, the stress-corrosion cracking

behavior of a number of other alloys wasgexamined at 300°C in water con-

taining 100 ppm chloride. Adjusted initial pH values of 2.8, 6.5 and

772 051
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10.5 were used in ‘the tests; pH adjustments were made with either hydro-

- chloric acid or sodium hydroxide. No adjustment was made on the PH 6.5

water. 'The materials subjected to test included tyﬁes 304, 304 ELC, 309
SCb, 316, 321, Carpenter 7-Mo and Croloy 16-1 stainless steels as well as
incoloy and Nionel. A summary of the results obtained thus far appears in

Teble XIII. All tests were run or are being continuéd in the presence of

oxygen.

All of the austenitic 300 series stainless steels with the exception of
type 309SCb“ cracked within a period of 300 hr and less. In the caoe of
the type 3095Cb.. stainleso steel, the accumulated test time of 200 hr méy
not be sufficiently long to produce cracking.. The test is being continued.
Type 304 stainless steel was tested in both onnealed and sensitized con-
dition in order to determine if the nature of the cracking process wvas
similar in each case. Flgures 13 and 14 are photomlcrographs of the an-
nealed and sensitized alloy, respectively, that were .made upon completion
of the tests. .In both condltlons, the nature of_the.cracklng vas predom-

inantly transgranular. It is of interest to note, ‘however, that the width

of the cracks in the sensitized condition was appreciably greater than that

of the cracks 1n the annealed condition.

Carpenter 7-Mo stainless steel was found to crack in-both annealed and
full-hard conditions when exposed in the chloride-containing water with an’
initial pH of 2.8. However, when the initial water pH was increased to

10.5, no cracking occurred during a 300-hr test period in the annealed con-

~d1tlon and durlng a 100-hr test in the full-hard condition. The tests are

being continued

Of particular interest in the stressfcorrosion cracking study was the be-
havior of the three alloys, Croloy 16-1 stainless steel, Incoloy and
Nionel. Croloy 16-1 is similar in composition to low-carbon type 431
stainless steel and contains 16% Cr and 1% Ni. No cracking occurred on
U-bend stress specimens of the material during periods up to 600 hr at
300 C in water contalnlng 100 ppm chloride at 1nit1al pH values of 2.8,
6.5, and 10.5. The alloy exhibited a pronounced susceptlbility to pitting

UNCLASSIFIED
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'TABLE XIII
Stress-Corrosion Cracking Behavior of Various Alloys at 300°C in
Distilled Water with 100 ppm Chloride (Saturated with Air at g
' . Room Témperature) - '
, Solution - Time. . - o _
Alloy Type Condition ” pH (hr). Observations
304 ~ Annealed 2.8 100 Cracked -
304 ¢ Annealed 10.5 100 Cracked
304 Sengitized 2.8 100 Cracked . , B
304 Sensitized: 10.5 100 = Suspected cracks
304ELC ! Annealed 2.8 300 Surface crazing. Few pits. _
309SChH Annealed 2.8 . 200 No cracks - Co
316 : Annealed 2.8 200  Cracked
321 Annealed 2.8 - 200 Cracked
321 Annealed 10.5 200 No cracks . )
Carp. T-Mo Annealed 2.8 300 Suspected cracks.. Moderate general
' *_ corrosion.
Carp. T-Mo Annealed 10.5 300 No visible cracks. Thin hard film.
Carp. T-Mo Full Hard 2.8 100 =~ Cracked. - Moderate general corrosion.
Carp. 7-Mo Full Hard 10.5 100 . No visible cracks.
Croloy 16-1 Annealed 2.8 600 - Severe pitting. . Thick écdlé. No cracks.
Annealed 6.5 200 Severe pitting. No cracks.
Annealed 1.0.5 400 - Severe.pitting. No cracks.
Incoloy Annealed 2.8 500 ‘Severe pitting. Heavy corrosion,. cracked.
Annealed 6.5 100 Light general corrosion. . No ‘cracks.
Annealed 10.5 300 Few small pits. Light corrosion. No
: ‘cracks. ‘ ‘
Nionel Annealed A 2.8 - -200 . Heavy loose scale. No cracks. )
Annealed - 6.5 100 Deep pits. Thick scale. No cracks.
Annealed 10.5 100 Light general corrosion. No cracks. .
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Fig. 13. Photomicrograph of Stress-Corrosion Cracking in Annealed
Type 304 Stainless Steel After 100-hr Exposure to Distilled Water Con-
> taining 100 ppm Chloride at pH 2.8. Magnification 250X. (T13919)
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Fig. 14. Photomicrograph of Stress-Corrosion Cracking in Sensitized
Type 304 Stainless Steel after 100-hr Exposure to Distilled Water Containing
100 ppm Chloride at pH 2.8. Magnification 250X. (T14242)
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attack in all environments, however. In addition to the distilled water
environments, tests were made in boiling 42% Mg012 solution. No cracking
was visible at 15X magnification after 100 hr. However, metallographic
examination at higher magnification disclosed two crécks that were trans-

granular in nature. A photomicrograph of the cracks is shown in Figure 15.

Incoloy, an alloy containing 20% Cr, 32% Ni plus Co, and balance iron, devel- .
oped small cracks after 500 hr at 300°C in 100 ppm chloride-containing water
at an initial pH of 2.8. The transgranular nature of the cracks is illustrated
by photomicrographs in Figures 16 and 17. No cracking has been found after
100 and 300 hr, respectively, in the chloride-containing environment at ini-

tial pH values of 6.5 and 10.5. The tests are being continued.

Nionel, with a composition of 19% Cr, 40% Ni and balance iron, has resisted
cracking in all environments shown in Table XIII. However, accumulated test
times, thus far, are relatively short, 200 hr. The alloy was found more resist-
ant to general corrosion and pitting attack than either Incoloy or Croloy
16-1 stainless steel.

The results obtained to date in the chloride-containing distilled water at
3OO C substantiate cracking data that were obtained in boiling 42% MgCl
solutlon, particularly for the austenitic stainless steels. Increased
nickel contents in the various alloys tested appeared to reduce the sus-
ceptibility to cracking and in the case of Nionel with a nickel content of

L0%, no cracking has been observed to date.

C. Corrosion Behavior of Electroless Nickel Plate.

The corrosion resistance of carbon steel in oxygenated steam or in water
can be markedly improvea by deposition of a thin layer of nickel on the
surface of the steel. A technique of nickel deposition by a non-electro-
lytic process has been developed by the National Bureau of Standards.(27)
Coupons of SAE 1045 carbon steel plated to a thickness of 2 mils by this
method were tested at 300°C in distilled water under various pH conditions.

A graph of weight losses as a function of exposure time for the different
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Fig. 15. Photomicrograph of Stress-Corrosion Cracks in Croloy 16-1

Stainless Steel after 100-hr Exposure to Boiling 42% MgCly. Magnifica-
tion 250X. (T13645)
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Fig. 16. Photomicrograph of Stress-Corrosion Cracking in Incoloy after
500-hr in Distilled Water at 300°C Containing 100 ppm Chloride at pH 2. 8.
Magnification 250X. (T-13569)
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Fig. 17. Photomicrograph of Stress-Corrosion Cracking in Incoloy after
500-hr at 300°C in Distilled Water Containing 100 ppm Chloride at pH 2. 8.

Magnification 250X. (T13568)

.00!

013

014




- 59 -

UNCIASSIFIED

test conditions appears in Figure 18. ' The superior corrosion behavior was
exhibifed by specimens exposed in water adjusted to pH 10.5 with trisddium”
?hosPhate; the corrosion rate remained constant at a value not greater than
0.4 mpy during the 2000-hr test. In water adjusted to a pH of 2.5 by the
addition of sulfuric acid, the initial 100-hr rate was appreciably high,

10 mpy. The rate decreased with time, however, to a value of 1 mpy after
éoo-hr. The addition of 50 ppm chloride to the same environment resulted
in a similar corrosion behavior except that the initial 100-hr corrosion

rate was somewhat lower, 7 mpy. The 2000-hr rate was approximately 1 mpy.

Good corrosion resistance was also obtained in pH 7.5 water that was ad-
Justed with 'trisodium phosphate. After an initial 100-hr rate of approxi-
.mately 1 mpy, the rate decreased to 0.2 mpy after 2000 hr.

No significiant pitting attack was observed on any of the specimens but in
a few instanges, the piate was chipped off sharb corners emphasizing the
necessity of careful design and preparation of parts to be protected by
this method. The exposed areas of steel underwent a.shallow pitting
attack.

The ability 6f the nickel plate to withstand thermal cycling was demon-
strated by tests' in which specimens were heated in air to 300°C, maintained
at this temperature for 2 hr, and then cooled in air to room temperature.
After 25 such cycles, there was no indication of a separation between the

nickel plate and the carbon steel base metal:

Miscellaneous Corrosion Tests.

On the Basis of their physical and mechanical properties, a number of
materials could find use in ﬁomogeneous reactors provided they were suf-
ficiently corrosion resistant to the environments to which they would be
exposed. A resume of the results of cdrrosion tests on soﬁe poésible

useful materials follows.
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Fig. 18. Weight Losses of Electroless Nickel Plate at '300°C
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Incoloy.

Jhe general corrosion behavior of Incoloy, a high-nickel alloy, was
~examined in several HRT- related environments, namely, 5% HNO3 soiutidn
and HRT core solution cons1st1ng of 0.0k m UO sou, 0:02mH soh, and

0. 005 nzCuSOu Of considerable interest was the stress-corrosion crack-
ing behavior of the alloy in boiling HRT -core solution containing 50 ppm

chloride and in boiling 42% MgGIa solution:

Material was procured as cold-rolled, annealed, and pickled 1/8 in.-
thick plate having a hardness of 64 Rockwell B. The actual chemical

i composition of the Incoloy was as follows: 0.04% C, 20.7% Cr, 32.5%

2.

Ni, 0.8% Mn, and balance iron plus small amounts of copper and silicon.

Results of the corrosion tests appear in Table XIV. The corrosion re-
sistance of the alloy in the uranyl sulfate and nitric acid solutions
ywas excellent at all temperatures; observed rates were 1 mpy and less

for 1000-hr tests. Stress specimens were exposed in boiling h2% MgCl
tsolution, in HRT core solution at 300 C, ‘and in. boiling HRT core solutlon
containing 50 ppm chloride as potassium chloride. In no case was there
any positive indication of stress- corrosioﬁ cracking. At the end of the
100~hr test in the magnesium chloride solutlon, examination at 90X mag-
nification disclosed what appeared to be a superficial crazing. Positive
identification as to the existence of actual cracks will be determined

by metallographic examination.

In summary, the general corrosion behavior of Incoloy in static systems
is quite comparable to that of type 347 stainless steel exposed to
similar conditions. 1In chloride environments Incoloy demonstrated a

remarkable resistance to stress-corrosion cracking.

Type AM-350 Stainless Steel.

Type AM-350 stainless steel is a precipitation-hardenable alloy and.could

conceivably be used in the Homogeneous Reactor Program for such appli-

cations as check valves in injection-type pumps, valve trim, bolting
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Specimen
—Type
Coupon
Coupon
Coupon

Coupon .

U-bend(3)
U-bend
‘U-bend
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“TABLE XIV
.Corrosién¥of Incoloy by VériOuS'Ehvirdhments o  ] . .. o ;
| {1000-br Tests) o . e
o Tgmp_‘-, . Corrosion Rate'(mpy)(l)”
Enviromment -~ = = () and Remarks
. HRT Core Solutioﬁ(a) ©Beil - . 0.1
" HRT Core Solution.’ S200 1.0
HRT Core Solution - 300 0.8 .
5% oy | Bl . 0. o
Lo MgCl, - , A",;~ 154 No cracks
HRT Core Solution -~ 1300 No cracks (0.7 mpy)
HRT Core Solution~’ .. o o
plus 50 ppm Chloride - Boil ‘No cracks

(1) Determined from defilmed weight losses
(2) o.04 anOé$ou-of02 nzH?sok-o,oos mpgsolL -
(3) 100-hr test C

A\
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material, etc. Accordingly, corrosion tesfo were conductcd to evaluate

the corrosion behavior,ofAfhe alloy in a number of heat-treated condi-

tions in reactor-related environments. The nominal composition of the
- alloy is 0.08% C, 17% Cr, 4% Ni, 2.7% Mo, 0.87% Mn, and balance irons

The corrosion resistance was examined in four heat-treated conditions
;‘ ' in a solution containing O. Oh m V0,50, ;. 0.02 nzHéSOu, and .0.005 m
\, CuSOLL at temperatures of 100,1200 and 300°C and in boiling 5% HNO3
» . solution. Stress- corrosion cracking behavior of the alloy was examined
~ oL in the former solution containing 50 ppm chloride at its boiling point.

Prior to heat treatment, all test specimens were subjected to an anneal-
ing treatment in aif'for 2 hr at_l950°F followed by air cooling. The
subsequent neat;treafing operations resulted in hardness values up to
k9 Rockwell C. Heat treatment‘of annealed specimens consisted of the

. follow1ng

a. Cooled 2 hr at -100°F (39 Rockwell C) .
b. Cooled 2 hr at -100°F and tempered 1 hr at 750°F (49 Rockwell C)
c. Aged 1 hr at 1350°F (32 Rockwell C)

Corrosion - test results for the type AM-350 stainless steel are sum-
marized in Table‘XV --In the uranyl sulfate solution at. lOO C and at .
300 C, observed corrosion rates were 0.6 mpy or less, indicative of
excellent corrosion behavior throughout the 1000-hr tests. There was
no apparent effect of heat-treatment on corroslon resistance in the
two environments. At 200° C, however, corrosion rates were appreciably
higher, ranging from 5 to 11 mpy. The highest rate was observed on

: an annealed specinen. Considerable filming of specimens occurred in

. . the 200°C tests. )

The corrosion resistance of both annealed and subzero cooled specimens
in boiling 5% HNO3 solution was high with rates not in excess of 0.5
mpy. In the aged condition (1 hr at 1350°F), however, the rate in-

creased to 3 mpy. . Some shallow pitting was noted on'annealed speci-

mens.

i ngR
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TABLE XV
Corrosion Behavior of Type AM-350 Stainless Steel in
Reactor Related Env1ronments (1000 hr Tests)
, R __ Corrosion Rate ( )( )

Heat ) o . 5% HNO: . __HRT Core Solution :
Treatment " . ‘Hardness ‘ SlOO C; ?SiOO?C ,5200 C) §3OO CZ
Annealed 92 Rockwell B 0. 5 C < 0.1 11.0 0.4
-100°F, 2 hr 39 Rockwell C o3 0.1 4.8 0.6
-1089F, 2 hr 49 Rockwell C(E) A Coe 0 O?S' : - -
750°F, 1 hr : ' .
1350°F, 1 hr 32 Rockwell C -~ 3.0 0.3 6.5 0.3

(1) Determined from defilmed'weight losses.

(2) Observed value higher than literature-reported value of
ul ‘Rockwell C. _
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Stress specimens in the cooled and tempered condition (2 hr at -100°F
followed by 1 hr at 750 F) were exposed in a boiling 0.04 m UO SOM -0.02
nzHéSOh-0.00S nzCuSOu solution eontalning 50 ppm chloride. Both speci-
mens’ cracked during the first 50 hr. The corrosion rate, 0.5 mpy, was

identical with the rate obtained in a similar chloride-free environment.

Additional testing of type AM-350 stainless steel consisted of deter-
mining the corrosion behavior of the alloy in the cooled and tempered
condition and welded to type 347 stainless steel. Two types of welds
were examined, butt and.seal welds. Both were made with heliarc without
using filler rod. The specimens were exposed for 1000 hr in the boiling
0.04 m U0, soh solution containing 0.02 m H sou and 0.005 nzCuSOu Asa
suming that the type 347 stainless steel underwent negligible attack in
the environment the corr081on rate on the butt-welded type AM-350° v
stalnless steel was 0. T mpy whereas the séal- welded specimen’ corroded -

at a rate of 1.5 mpy° Neither specimen showed any evidence of localized
attack in the heat-affected zone of the AM-3§O alloy.

Stellites 1, 3, and 98M2; Rexalloy 33.

Four materials of interest to the HRP injection-pump program were tested
in boiling and aerated 0.0k m UO SOM solution containing 0.02 m H SOh
and 0.005 nzCuSOh. The materials included Stellites 1, 3, and 98M2° and
Rexalloy 33. The form of the specimens as received was as follows: (1)
a check valve seat of deposited Stellite 1; (2)- a check valve seat of
cast Stellite 3; (3) rectangular blocks of cast Stellite 98M2; and

() a check valve ball of cast Reralloy 33, a product of Crucible

Steel Company of America. The nominal chemical compositions, hardnesses,

and observed corrosion rates for the four materials are reported in

- Table XVI. Stellite 98M2 was corroded at the highest- rate, 5 mpy,; for

the 1000-hr test. The other three alloys corroded at rates ranging
from 0.5 to 1.3 mpy; The specimehs'were not defilmed since with one
exception, they acquired no visible film during,the course of the

tests. The surfaces of the Stellite 98M2 specimens were uniformly ‘

UNCLASSIFIED
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Material

Stellite 1

Stellite 3

Stellite 98M2

Rexalloy 33

- 66 -

TABLE XVI

Corrosion of Stellites and Rexalloy 33 by

Boiling HRT Core Solution*

 (1000-hr Tests)

Nominal Composition .

(vt %)

2.5C, 12 W, 30 Cr _
balance cobalt ’

2.5 C, 12.5 W, 30.5 Cr,
3 Fe, 3 Ni, 47 Co,
1.5 others

2¢, 18 W, 30 Cr, 38 Co,

2 Fe, 3.5 Ni; 1 Mo,
5.51 others

2.25 C, 17 W, 33 Cr, .
L4 Co, balance iron

Hardness

(Rockwell C)

55

o7
63

61

*0.04 m U02S0)+ - 0.02 m H2SOlI_ - 0.005 m ChSCDLL

ia

-« ¢

Corrosion
Rate (mp¥)
1.3 .
0.5 ‘
5.6°
008
“'
, &
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. _ coated with golden-colored crystals, the major constituent of which was
determined to be tungsten by spectrographié'analysis.- Hence,~ali of"
the above materials with the possible exception of Stellite 98M2 showed
adequate corrosion resistance to the sfatic uranyl sulfate solution at

approximately 100°C.

o

2 P66
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