© X-822

DATE:"

SUBJECT:

TO:

FROM: |

~ UNCLASSIFIED |

P

OAK RIDGE NATIONAL LABORATORY
v Operated By
UNION CARBIDE NUCLEAR COMPANY

ucc

POST OFFICE BOX P
OAK RIDGE, TENNESSEE

“Jarivary 31, 1957

Quarterly Report of the Solution Corrosion Group
. for the Period Ending January 31, 1957 ‘

E.‘G.ABohlmann

Jo Co Griess, H. C. Sevage, J. L. English, R. S. Greeley, S. R. Buxtonm,
D. N. Hess, W. C. Ulrich, T. H. Mauney, and E. F. House

¢

DISTRIBUTION

SN

External Transmittal
Authorized

ORNL

CENTRAL FILES NUMBER

CF- 57-1-144

copy no. / %é

e e At A UM L AR s aat
-~ “
- -

n

NOTICE

This document contains information of a preliminary
nature and was prepared primarily for internal use
at the Ock Ridge National Laboratory. It is subject
to revision or correction and therefore does not

represent a final report.

UNCLASSIFIED




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



LEGAL NOTICE

This report was prepared as an account of Government spoensered work. Neither the United States,

ner the Commission, nor any person acting on behalf of the Commission: »

A. Mckes any warranty or representation, express or implied, with respect to the accuracy,
completeness, or usefulness of the information contained in this report, or that the use of
any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or . ’

B. Assumes any liabilities with respect to the use of, or for domages resulting from the use of
any information, apparatus, method, or process disclosed in this report. ’

As used in the above, *‘person acting on beholf of the Commission’’ includes any employes or

contractor of the Commission to the extent that such employee or contractor prepares, handles

or distributes, or provides acc;ss to, any information pursuant to his employment or contract

with the Commission.

e

PO




100,
101.
102.

. 103s

- \;;. loh‘o
w105,
106.

'Ca
, Co

E.
L.
C.
W.

- Do
" 0.

R,

- Fe

L.

- M.

R.

. A,
M.

W.

Ceo
, N
M. .
'Wo
Ce
- Fe

E.
K.

H.
: La-

Ho
D.
Je

I.

W

UNCLASSIFIED | 2 Page 2 (
DISTRIBUTION (Cont'd)
Miller . 108. J.'A. Swartout ‘
Moesel, AEC, Wash. ‘ 109. E. H. Taylor |
Moore 110. D. G. Thomas |
Moore _ 111. P. F. Thomason
Moren ‘ 112.. M. Tobias -
Nestor 113. D. S. Toomb
Neumann ll’-l-o W. Co Ulrich
Nurmi : 115. W. E. Unger
Olsen ) 116. R. Van Winkle .
Parsly 117. R.' E. Wacker
Pickelsimer 118. F. J. Walter
Pierce , : 119. R. M. Warner
Quarles . 120. K. S. Warren
Reed 121. - B. S. Weaver
Richardson . 122, A. M. Weinberg
Rivenbark ' 123, S. H. Wheeler
Robertson ‘ 124k. R. R. Wiethaup
Robinson . 125, J. C. Wilsén
Rom -126. R. H. Winget
Rosenthal 127. C. E; Winters
Savage 128. ' L. F. Woo |
Schaffer L 129. W. C. Yee '
Schappel - © 130. F. C. Zapp :
Search : , . 131. ORNL Document Reference Library, Y-12 .
Secoy ' ‘ 132-133. Central Research Library (2)
Segaser , 134-135.. REED Library (2).
Shank e 1 136: ORNL-RC Lab Records .
Silverman 137-138.  Laboratory Records (2)
Skinner 139-145. Westinghouse - PAR:{i).r
Spiewak . " 1h6-160. AEC, TISE, Oak Ridge (15) <&y
Stoughton . ”
Susane

%107,

D.




. UNCLASSIFIED _Page}3
TABLE OF CONTENTS -
Page
I. Summary I
- II. Introduction 5 .
III. 100A Loop Program . 5
i A. HRT Core-Pressure Vessel Flange and Transition Jbint Mockup 5
B. Runs with U'O3 in BeSO4 Selutions A . 9
C. Runs with Equimolal UOQSOh - BeSOh Solution . ;l
D. Long-Term Runs with Proposed HRT Solution 13
1. Isothermal Runs at 200, 250, and 300°C 13
2. Run at Successively Increased Temperatures 16
3. A Run Using Heavy Water Solution 17
E. . Effect of Chromium(VI) at 300°C on the Corrosion of
Stainless Steel in 0. 17 m UO, soh 19
F. Effect of Copper(II) at 250 C on the Corrosion of .
Stainless Steel in 0.17 m UO SO,+ . | 19
G. Corrosion of Bearing Materials by Uranyl Sulfate Solution 21
H.. Effect of Pretreatment Films on Corrosion in 0. 17 m and
I 3 m U0 sou at 250°C, 22
I. Titanium Inserts in & Stainless Steel Loop . 23
IVv. Iaboratory Corrosion Studies 27
A, Stress-Corrosion of Type 347 Stainless Steel 27
1. Effect of Halides on Suceptibility to Cracking in
Uranyl Sulfate Solutions 27
2; Inhibition of Stress-Corresion Cracking ‘ 31
3. Stress-Corrosion Cracking by Chloride-Containing
Cooling Water’ .35
B. Corrosion of Zirconium Alloys by Uranyl Sulfate Solution 237
C. Corrosion of Elgiloy by Uranyl Sulfate Solutions 41
D. Corrosion of Various Materials by 4 M Sulfuric Acid hjl
V. References b7

[
2

-3

o

&
&3




" UNCLASSIFIED Page 4

I.

P

SUMMARY

A‘second.test of the mockup of the Zircaloy -~ stainless steel transition joint
as used in the HRT reactor vessel has been completed. The joint and bellows
have now received 104 thermal cycles and 148 mechanical deflections. The joint
and bellows have functioned properly; corrosion damage has been negligible, ex-
cept for a small area onithe bellows which has undergone pitting attack.

. Long-term runs with uranyl sulfate solutions of the concentration proposed for -

use in the HRT, viz. 0.O4 m U0o50)y, 0.02 m HéSO and 0.005 m CuSOy, have shown
the solution to be stable at 3000°cC. Critical velocities on  stainless steel
were: 15 to 20 fps at 20000; 25 to 35 £ps at 250°C; and 35 to 4O fps at 300°C.
Substituting heavy water for normal water caused no difference in either cor-
rosion or solution sta.bility° '

Experiments in which chromic acid was used to pretreat stainless steel have
shown that, under certain conditions, the pretreated f£ilm can exist in uranyl
sulfate solutlons at Tlow rates in excess of the critical velocity for rela-
tively long periods of time.

The practicability of using titanium inserts in highly turbulent areas of stain- |
less steel loops to minimize corrosion has been demonstrated. One 100-A loop - |
was operated for 9900 hr with titanium inserts in regions which normally suffer {
heavy corrosion. The titanium was essentially unattacked and the crevice be-

tween the stainless steel and the titanium caused little corrosion of ‘either

the titanium or the stainless steel. . -

The corr081veness of beryllium sulfate solutlons containing dissolved uranium
trioxide has been determined at 250 and 280°¢. The solutions showed no advan-
tage over uranyl sulfate solutions of the same concentration. In fact, at low
flow rates, the attack in 200 hr was greater in the beryllium-containing solu-
tion. On the other hand, at 250 and 300°C, 0.0k m U0,50) containing equimolal
beryllium sulfate showed approximately the same corrosion behavior as 0.04 m
UO2SOh containing 0.02 m HpSO), .

Iaboratory studies with regard to stress-corrosion cracking have shown that
highly stressed type 347 stainless steel will crack in boiling uranyl sulfate
solutions containing 25 and 50 ppm chloride ions. At chloride concentrations
of O, 5, 10, 100, and 200 ppm, cracking has not been observed; at the 200 and
500 ppm chloride level, suspected cracking has been observed after a 500 hr
exposure. Neither bromide nor iodide ions when incorporated in uranyl sulfate
solutions have produced crackingo

Cold-formed type 347 stainless steel pipes have developed stress-corrosion
cracks when steam was passed through them and Y-12 chlorlde-containing potable
water was sprayed on their surfaces. Either annealing or shot-peening the
pipes after bending prevented-cracking during a 1000 hr test, but stress re-

lief treatments between 600 and 1250°F were ineffective. Cold-formed titanium

and modified type 430 stainless steel showed no cracking.

A number of different 21rconium-base alloys prepared by the HRP. Mbtallurgy
Group have been tested in uranyl sulfate solutions. Although all alloys tested
showed good corrosion resistance to uranyl sulfate solutions, none of the alloys
vere as resistant as Zircaloy-2. G478 003
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Corrosion studies related to the Chemical Processing Plant of the HRT have been
primarily concerned with testing stabilized Carpenter 20 stainless steel spe-
cimens which are representative of the materiasl being used in actual febrica-
tion of the plant. Most of the tests have been run in boiling 4 M HyS0y to
vwhich had been added simulated corrosion and fission products. A1l specimens
have shoim adequate corrosion resistance with two exceptions: One specimen
showed apparent stress-corrosion cracks and one welded specimen showed knife-
‘1ine attack and some selective attack of the weld metal itself°

INTRODUCTTON

The data ‘presented in the following sections represent the detailed results
‘obtained during the’ past quarter (October 31, 1956 to Janmuary 31, 1957) by
the out-of-pile solution corrosion group of the Homogeneous Reactor Project.
A summary of the data has been reported in the Homogeneous Reactor Project
Quarterly Progress Report for the period ending January 31, 1957.

It should be pointed out that the data presented below are, for the most part,
prelimimary,and the interpretation of the results may change as further expeéeri-
mentation is completed.

100A LOOP PROGRAM (J. C. Griess, H. C. Savage, R. S. Greeley, S. R. Buxton,
T, Ho Nhuney, Wo 00 UlriCh) .

Aw~.Transition Joint Mbckqp;.

A second test of the mockup of the Zircaloi =stainless-steel transition
and expansion Joint, previously mentioned\</, has been made in 100A dyna=(2)
’ mic Loop F. A detailed report on the first test was published elsewhere

When the test vessel flanged joint had been reassembled after the first

test, the loop was filled with water to the desired volume and brought to

temperature, then, concentrated fuel solution was added to give a solution

of the following composition: 0.0k m U05SOy, 0.005 m CuSOy, and 0-02 m

H SO o ' '
4°

Theothermal cycling was performed as before between 100°C at 100 psig and
300 C at 1550 psig. Mechanical deflections of the bellows through a total
traverse of 5/8 in., 5/16-in. extension and 5/16-in. compression rélative
to the meutral point, were made during each thermal cycle. An additional
mechanical deflection ‘of the bellows of 5/8 in., from the fully extended
position to fully compressed and return, made -in 1/8 in. increments over
a period of about 15 min, was imposed during each 16-hr period that the
system was at 300 C.

The test was of 1200 hr duration, during which time the bellows underwent
50 complete thermal cycles with mechanical deflection during thermal cy-
cling, and 47 additional mechanical deflections during the time the sys-
tem was at 300°C. ‘Since installation, the bellows has now been subjected
to a total of 10k thermal cycles and 148 mechénical deflections.

A differential pressure across the bellows from outside to inside and
across the gasket in the transition joint was maintained at about 45 to

428 004
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50 psia. The interior of the bellows was kept full of water from the

condensate tank and daily semples of the water were taken in order to’

detect any leakage of the fuel solution across the test gasket or the «-

expansion Joint. No leakasge across the transition joint or expansion

bellows was detected at any time during the run. At the end of the run
" the housing surrounding the test assembly was removed and an additional

' leak test was made by applying 50 psig .of helium inside the expension

T Joint and bellows and "sniffing" the exterior with a massnspectrograph-
Ry type leak detector. No leakage was detected.

- Prior to disassembly, the 10=-%n., IPS, 1500-1b test wessel oval-ring-
Joint wms leak tested at 200 psig of helium‘with a mass-spectrograph-'
type leak detector. No leakage was observed.

Examination of the bottom gr’oo‘ve of the 10-in.-IPS flange showed that

no leakage of solution into the groove had occurred; in contrast %eak—
age had occurred into the bottom groove during the previous testt3
ovel-ring gasket was removed from the flange top groove for the first A
time since the original assembly. No solution leakage had ever occurred
into the toop groove. The oval-ring gasket was examined with a 10X mi—
croscope and no significant attack was apparent. :

The pitted areas om t&? bellows at the edges of the reinforcing rings,
mentioned previously were examined closely by moving the rings to
reveal the entire crevice area between the rings and the bellows. TFig-
ure 1. illustrates the appearance of the pits after the first run and af-
ter the second run. As can be seen, one new pit developed at the edge

. of the top ring during the second run (No. 6) and two small pits (No. 2

’ ) and 3) spread into a long collection of pits {No. 1, 2, 3, and 4). The
pitting at the lower edge of the bottom ring did not continue during the
second run. '

The depth of the pits was measured with a microscope-dial gauge indicator
‘assembly by focusing the microscope on the edge of & pit and ‘then on the -
bottom of the pit and noting on the dial indicator the microscope carriage
travel. Although this method gave pit depths acéurate to only = 0.002 to
0.003 -in., the following conclusions were drawn:

1. The average pit depth at the edge of the top ring roughly doubled
during the second run. The pitting at the lower edge of the bot-
tom ring did not continue. .

2+ The pit depth increased from 0.008 to 00016 in. to about 0.015
to 0.020 -with one pit giving an average depth measurement of
0,023 1in, 5).

. 3. The rate\of piﬁtimg attack onithosecareas- pittadnlﬁnthegffnstt

- . test remained ‘approximately the same &s in the first test, about

- A ‘ 100 mpy, even though the frequency and total number. of mechanical
deflections of the bellows were doubled in the second run. How-
ever, the newly pitted areas (No..l, 4, and 6 in Figure 1) ap-
peared to be almost as deep as the previously pitted areas, in-
dicating an attack rate on the new areas substantially higher

* than 100 mpy.

428 005
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f;/f ;f// 4 “4 A 3/‘*"
' Black, Flaky Oxide

«-—— 18" around Bellows
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. : Bellows Area Under Top
' . : Reinforcing Ring (Ring
Between tgsts the crevice area was buffed to remove oxide and surface scale. Moved for Examination of
’ . Crevice)
After Second Test (1200 hr): ' Bellows Seam Weld Bellows-to-Transition Piece Weld
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% : T
g b 3/“_"
S 4 NBrownish-Blue Streak l
AF iih\W\Brownish-Blue Streaks
o VNN aks s/l /A ///f||
Shaded Area.s were Covered with a Loose, Black, Ma.gnetlc Scale Overlying & Reddish Film.
(o) .
gg Average Pit Depth in Pitted Areas (Shaded Black Above):
After First Test After Second Test : "After First Test After Second Test
No. 1 Not Attacked ' - 0.015 in. No. T 0.008 - 0.010 in. 0.019 in.
No. 2 0.008 in. max. 0.019 in. No. 8 0.008 - 0.010 in. 0.023 in.
No. 3 0.008 in. max. 0.019 in. No. 9 0.013 in. 0.020 in.
No. 4 Not Attacked 0.014 in. No.10 0.016 in. ' 0.017 in.
No. 5 0.008 in. max. 0.016 1in. No.11 0.013 in. 0.013 in..
No. 6 Not Attacked 0.018 in. .

Figure 1: Appearance of Area Under Top Reinforcing Ring on HRT Core-Pressure Vessel Bellows Mockup After
Operation im Simulated Fuel Solution. .
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- 4, Pitting attack did not occur in the crevice between the rein-
forcing rings and the bellows but originated sbout 1/32 to 1/16
in. above the top ring and below the bottem ring. Thus, the
pitting d4id not appear to be due strictly to crevice corrosion
but to & combination of effects not yet understoodoLnAttack in
the crevice area was geéneral and slight, -

The corrosion specimens in the mAin loop were removed, scrubbed, and
‘weigheds They were not defilmed but were replaced in the loop for fur-
ther testing. As before(6), the pins exposed at low flow rate (17 fps)
showed slight weight gains in the scrubbed condition, indicating essen-
tially ne -corrosion during this second test. Alloys exposed included
titanium RC-55, Zircaloy-2, Iacoloy, and types 347, 304L, and 309 5Cb
stainless steel. )

The pins exposed at high flow rate (70 fps) were either titanium or zir-
conium alloys. Commeré¢ially pure titaniwp crystal bar zirconium, and
Zircaloy-2 again showed ingignificant weight losses; but the alloys of
titanium with aluminum and tin, aluminum and vanadium, aluminum and man-
ganese, and aluminum and chromium showed definite, though small, wéight
losses. The corrosion rates of the above-named alloys were between 0.5
and 1 mpy (scrubbed). .

The type 347 stainless steel coupons showed weight gains in the scrubbed
condition after the second test, except the last one exposed at 50 - 64
fps. It was very badly attacked with an average corrosion rate of 73 mpy.
The critical velocity was very sharp at 50 fps. This was at least as high
‘as that observed in a similar test without thermal cycling(7)o

‘Specimens of the followlng alloys were suspended im the solution inside
the bellows test unit and exposed to a flow rate of less than 1 fps:
types 347, 3OhL9 and 309 SCb staeinless steel, titanium RC-55, titanium -

% manganese, titanium - 6% aluminum - 4% vanadium, crystal bar zirconi-
um, and Zircaloy-2. These were removed after the sécond test, scrubbed,
and weighed. They were not defilmed but were replaced in the test unit
for further testing. The zirconium alloys and the type 304L stainless
steel specimens showed slight weight gains as-scrubbed; the other stain-
less steels and the titanium alloys showed small weight losses. All of
these specimens were filmed over. Microscopic examivation showed on sev-
eral of the type 347 and 309 SCb stainless steel specimens a few small
pits in the crevice area where they had been bolted to the holder. These
pits ‘definitely originated underneath the bolt head and thus were unlike
the pits observed on the bellows. The pits on the specimens appeared to
be relatively shallow {less than 10 mils deep) and ‘the attack appeared
to have stifled itself,

Other specimens of type 347 stainless steel, titanium T5A; and Zircaloy-2,
mounted inside the bellows test unit in contact with one another to inves-
tigate crevice and galvanic couple attack, and stressed specimens of type
347 stainless steel, titanium - 6% eluminm - 4% vapnadium, and Zircaloy-2
-were examined under & 10X microscope but were not disassembled or weighed.
They were returned to the test unit for further testing. Visually, these
specimens had not suffered significant attack and no effect of galvanic
coupllng, crevice, stress or thermal cycling was noted.

4e08 007
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The increase in nickel(II) ion concentration in solution indicated a gen-
‘eralized corrosion rate of abou ? ? 3 MpYe 'This was roughly one-third. less
than observed in the first test but still was ab?u? three‘times hlgher
than in a similar test made without thermal cycles The solution was
stable throughout the run. '

Runs with Urenium Trioxide Dissolved in Beryllium'Sulfate Solutions:b

It was reported prev1ously that beryllium sulfate solutions will dissolve

appreciable quantities of uranium trioxide ‘and that the resulting solu-
tions have a higher pH at room temperature than uranyl sulfate solutions
containing the same concentration of uranium(9) Since it was felt that
solutions of the ‘same uranium concentration would be less corrosive the
higher the pH, runs were made with 0.0k, 0.17, ©O. 25, land 0.36 m U0, dis-

solved in various beryllium sulfate solutions, the corrosion resul 8 were

compared with those obtained in uranyl sulfate solutionso All. runs were

made in Loop "O" which is especially shielded and vented for safe handling

of beryllium solutions.

Properties of the beryllium-containing solutions are listed in Table I.

- A11 solutions were stable up to the temperature of appearance of a second

1iquid phase when observed in quartz tubes. In the 1l6op, the solutions
were stable to t 10 percent with two exceptions: The 1.0 m BeSOj solu-
tioncwith 0.36 m UO3 gave a slight precipitate of beryllium oxide and
uranium trioxide in 2000hr at 250°C (run No. 6): and the 0.2 m BeSO, with
0.04 ; m U0 and 0.005 m CuSOh lost nearly 30 percent of its beryllium (pre-
sumably’ ag beryllium oxide) and the pH decreased 1.6 units in 200 hr at
280°C (run No. 9).

- TABLE I
.Properties of Uranium Solutions Contalining Beryllium Sulfate

. Temperature
Concentration pH of Appearance

Run Uranium at of 2nd

Nbo

BeSOi _as U03 _CuSOy 280C Liquid Phase _Remarks

8,9 0.2

r

'1.0m 0.17Tm - 2.8  302°% _ Stable 87 hr at 250°C.
1.0 0.25 m - 301 ,~29_o°c(a)‘ Stable 176 hr at 250°C.

1.0 0.36 m - 3.3 278% Slight Precipitation of BeO

. and 003 occurred in 200 hr
0:17m - 3.5 275°c  Stable 177 hr at 250°C
0.04 m 0.005 m 3ok 295°C Precipitation of Be and de-
. crease in pH occurred at

as 280°C in 200 hr-

“U0o50y :

g IB-IH -

0.5

g Ig

10,11 0.0k m 0.0 m 0.005 m 2.8 317°% Stable 200 hr ‘at 300°C.

(a) Interpolated value.

428 008
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125
! i
| i
0.43m |
' U0pSOs : _.770.17m U02S0,4
200"" | 200 hr
| :
| I
|
! |
| ! 1.0m BeSO4q4 + 0.25m UO3
100 ! '
75
50
1.0 m BeSO4 +
0.17m UO5 87hr
A [
25—
1.0m BeS04 + 0.36m UO3
’ l. & - 200 hr
o -
0 10 20 30 40 50 60 70 80 90

SOLUTION VELOCITY (fps)

Fig. 2 Comparison of WeiAght Losses of Type 347 Stainless Steel
Coupons in UO3-BeS0O4 Solutions and in U02S04 Solutions at 250°C
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C.

Corrosion results with the 1.0 m and 0.5 m BeSOy solutions were erratic

and not as low as anticipated. Figure 2 11lustrates these _coupon results
and for comparison shows also the average results obtained in 0.17 m and
0.43 m UD2SO), solutions under similar conditions. The weight losses of
the type 347 stainless steel coupons in 1.0 m BeSO, with 0.17 m UO; showed

‘no regular velocity dependence, whereas withn0.25 m U0 & sharp critical

velocity at 10 to 15 fps was observed; with 0.36 m UO3 weight losses de-
creased with increasing velocity.

As can be seen, weight losses at low velocities were as great or greater
in the uranium trioxide - beryllium sulfate solution a&as in the uranyl sul-
fate solution but at high velocities were significantly less. The very
low results in 1.0 m BeSOy with 0.36 m U03 may not be accurate since some

" hydrolytic precipitation of uranium and beryllium océurred (perhaps as

much as 20%). A run not shown in Figure 2, in which 0.17 m UO3; was dis-
solved in- 0.5 m BeS0,, showed that corrosion of stainless steel was less

-at the lower beryllium sulfate concentration. However, low velocity
weight losses were still greater than in 0.1T m U02S0y, - Solutions of

0.1T m UO3 in beryllium sulfate less than 0.5 m were not stable at 250°C.

Approximately 0.2 m BeSO, was necessary to dissolve sufficient uranium
trioxide to give a solution containing 0.04 m uranium, the concentration
propoeed for use in the HRT. Therefore, runs were made with 0.2 m BeSOj
containing 0.04 m U0O3 and 0.005 m CuSO, at 250 and 280°C (Run O- 8 and
0-9). Higher temperatures were not studied since the solution separated
into two liquid phases at 295°C. In addition, even at 280°C, the solu-
tion was not completely stable as shown by the fact that some beryllium
was lost from solution during the 200 hr run. The weight losses of the

‘type 347 stainless steel coupons are shown in Figure 3; included on the

same figure are runs made with 0.0k m U0poS0), containing 0.02 m HpSO) and
0.005 m CuS0y for comparison. The composition of the latter solution is
the same as that to be used in the HRT.

It can be seen that generally the results in the 0.04 m UO%aO.E m BeSO),

solution were worse then in the 0.O4 m ersoh solution con ining 0.02 m
HpSOy , although the difference at 2500C was not great. Therefore, it is
felt that solutions of uranium trioxide in beryllium sulfate offer no
advantage over uranyl sulfate solutions in the range 0.0% to 0.17 m ura-
niym as far as out-of-pile corrosion of stainless steel is concerned at
250°C. Possibly, at lower temperatures, the uranium trioxide-beryllium
sulfate system may offer some advantages over the uranyl sulfate system.

Runs with Dilute Equimolal UO-SO)-BeSO} Solution:

. Dilute solutions of uranyl sulfate with equimolal lithium, soﬁium, or
magnesium sulfate have b?eg shown to be unstable in regard to precipita-

tion of uranium at 3000C\1 However, since beryllium sulfate solutions
are acidic, it was felt that dilute equimolal uranyl sulfate-beryllium
sulfate solutions would be stable up to 300°C. A solution of 0.O4 m UO,SO)
containing 0.04 m BeSOj and 0.005 m CuSO) was stable in a quartz tube a%
3000C for 3 hr and had a two-liquid phase separation temperature of 317°C
(see Table I runs "O"-10 and 11).

<8 010 UNCLASSIFIED
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+0.005m CuSO4

/

/
280°C, 0.04m U0504 +002m
/ HpSO4+ 0.005m CuSO4 __|

20
10
/
[N //
/7 'd
’ Prd
’ Prd
Vi
N -~
~. 7 .-
’/
————— -
(o)

o] 10 20 30 40 50 60 . 70 80 20
" SOLUTION VELOCITY (fps)
Fig. 3 Comparison of Weight Losses of Type 347 Stainless Steel Coupons

in UO3 - BeSO4 Solutions and in U0,S04 Solutions (200hr runs)
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D.

Two runs. have been made with this solution: one at 300 C for 200 hr and

‘one at 250°C for 200 hr. The corrosion results were similar to those

observed in 0.0t m U05S0) solution containing 0.02 m HyS0y + 0.005 m
CuS0y, - The weight losses of the type 347 stainless steel coupons are
plotted in Figure 4 and are compared with results obtained in 0.0 m
U0,S0), solution with 0.02 m HyS0), and 0.005 m CusSOy. The solution in
both runs was stable, although longer runs might show a -slow hydrolytic
precipitation since room temperature pH decreased 0.2 to 0.3 units dur-
ing each run.

The room temperature pH of a solution containing 0.04 m U0,SO g 0.02 m
soh and 0.005 m CuSOh is 1.5, whereas a solution contain%ng 0.0k m
BeSOy and 0.0k n UOQSOu is 2.8. Since both solutions appear to be stable

at high temperatures, it is possible that the temperature dependence of
the beryllium sulfate hydrolysis is such that the hydrolysis supplies

the acid necessary to stabilize the uranyl sulfate. Thus, at high tem-
perature vhere more acid is needed to stabilize the uranyl sulfate, the
degree of hydrolysis of beryllium sulfate would be greater than at low
temperatures where less acid is necessary. If the above reasoning is -
correct, it would be expected that the equimolal uranyl sulfate-berylii-
um sulfate solution would be less corrosive in the range of 150 to 250°C .
than & uranyl sulfate solution containing sulfuric acid. Tests to de-
termine the accuracy of the above hypothesis are in progress.

Long-Term Runs uith,Proposed HRT Solution:

1. Isothernsl Runs &t 200, 250, and 300°¢.

The long~term runs at 200, 250,uand 300 C with the solution proposed
for use in the HRT (0.04 m UO 80, 0.02 m Hgioh, and '0.005 m CusQy, )
were terminated after 3681, 3%60, and 3841 respectively.

The solution was hydrolytically stable in all of the runs. However,
at 300°c, after 2740 hr, a sudden unexplalned decrease in copper . ion
concentration of about 124 occurred. After this decrease, the copper
ion concentration remeined constant. Since the loss in copper was
not accompanied by & decrease in pH or uranium concentration, it
seems unlikely that hydrolysis was responsible for the loss.

Table II lists the corrosion rates determined both from the final
weight loss averaged over the entire run (over-all corrosion rate)
and from the difference between the intermediate and final scrubbed
weight (continuing corrosion rate). The forme# indicated the ex-
tent of total attack. The latter represent the continuing corrosion
Arate after film formation and show that all of the stainless steel
pins were exposed below their critical velocity, except those at 34
and U2 fps at 200°C. Comparing the two sets of rates, it can be seen
that the total attack was relatively severe at 8 to 12 fps at 200°C
and at 20 to 34 fps at 250 C, even though the pins eventually filmed
over and stopped corroding. On the other hand, the continuing corro-
sion rates at 34 to 42 Pps at 200°C were lower than the over-all rates
showing that the film was partislly protective above the critical ve-
locity.

48 012
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TABLE TI

Corrosion Rates in Long Term Runs with 0:04 m U02S0),
+.0.02 m HéSOh + 0.005 m CuSOh, 500 - 1500 ppm 02

Continuing Corrosion
Rates (mpy) Based.on
: ' . Scrubbed Weights
Flow Over-all Corrosion Rates (mpy) 420Q°C‘.f 2509C  3000°C

: - Rate - 2000C . 2509C 3009C (1876-  (1854-. (2020-
_ Materials (fps) -~ (3683 hr): (3660 hr) (3841 hr) 3683 hr) 3660 hr) 381+1 hr) S
Ave.Stainless 8 .i.f‘ | - - 0 - _ -
Steels ~ (. ) : ’ |
(new pins) 12 4.9 0.5 0.23 . o 0 0
20 - . L.l 0.31 - 0 - 00 l
26 - 0.93 O.k42 - 0 0 i
34 12 1.3 0.47 5ok 0 -
k2 16 - - 8.0 - - |
Niobium 8 0.01 _ - 0 - - .
12 - 1 0.35 - - 0.39 - |
34 - 0.81 - - 0.80 - - ’
k2 50k - - 5.0 - - - |
' Titanium(b) 8-k2 o0 0 0 0 0 0
zirconiumt®) 8-k2 o o 0.05 . O o 0
Titanium(?) . 20-34 0 0:09-0.18  0.33-0.42 0 0.08-0.10 0.13_-6.35
(a) Includes types 304, 304 cast, 30h sensitized, 304 L, 309 SCb, 347 3&7 cast, 3&7
Sensitized, 430, and Lk46. _
(b) Includes types RC-55‘, 758, 100A, and 150A.
(¢c) Includes crystal bar zirconium, zirconiﬁm - 2-1/2% Sn, and Zircaloy-2.
(d) Includes titanium - 3% Al, 5% Cr, Ti - 6% L, h% Vv, Ti - 5% Al, 2-1/2% Sn, and

Ti - 4% A1, 4% Mn. - .
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The previous report(ll) gave several qualitative observations from an
examination  of the specimens in. the scrubbed cordition part way through
the runs. Final examination of the specimens, some scrubbed and _some
defilmed, supported theése observations:

& All of the pins that had been exposed in previous runs with i
less agressive environments were -protected by the previously
formed £iims and gained weight even above the critical velo-

"city on new stainless ping (€.g., 36 and 42 £ps at.200°C).

b. New stainless steel pins ‘corroded more during the period of
film formation than in previous runs with less acid. . - '

c. New stainiess stecl coupons, exposed in these runsoonly, ‘in-
dicated critical velocities of 15 to 20 fps at 200 C, 25 to
30 fps at 250°C and 35 to 40 fps at 300°C. However, & second
setoof coupons exposed during the last part of the run at
250 C showed a higher ¢ritical velecity, 30 to 35 fps, which
was more nearly that shown: by thé pins: Also, the second set
showed less dependence of corrosion on velocity than the first
set and higher low-veleocity weight losses. Thus, it appears
that changes -in the solution with time, perhaps in particular;
the increase in chromium{VI) concentration, can appreciably
affect the cerrosion rate and critical velocity of stainless
steel.

ds Titanium and zirconium alloys showed excellent corrosion re-
sistance. Nicbium at 8 fps at 200°C appeared to film over,
but at higher velocities ai 200 and 250°C remained film-free |
and correcded at rates &s high as 5 mpy. ;
es Stress-corrosion specimens(ll) after a total exposure of 9000 |
hr, showed no evidence of stress-corrosion cracking. The chlo-
ride concentration was less than 3 ppm throughout the rums.

Run-at Successively TIncreased Tempenaturea

An additional rium in which 0.04 m U0,SO) containing 0.02 m H;50) and

00005 m CuSOy was circulated at temperatures ranging from 175 to

300°C was also completeds Prior to the run, the system was defilmed

with a chromous sulfate eolution( 12) in order to study how corrosion |
rates of new stainless steel spécimens would change with temperature j
in en essentially new stainless steel system. Teble III shows the

operating temperatures for the run. The corresion specimens were

defilmed only at the conclusion of the run; the corrosion rates of

the specimens during each ' perdod’ of operation were calculated from

weight changes. in the "ag-rémoved" condition in order to show what

would happen at each higher temperature to a surface that became

filmed over at low temperatures on start up.

At 200 to 22500, cbrrosion rates up to 5 mpy were observed for stain-
less steel pins at 23 fps and up to 23 mpy for stainless steel cou-
pons and pins at 44 to 50 fps. Corrosion rates at 175°C were about

2e8 015
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the same as at 250 C, being no higher than 2 mpy at 23 fps and 9 mpy
at 50 fps. Corrosion rates at all velocities at 300°C were' between
2 and 4 mpy, and it is possible that this represents not loss of met=-
al but a dehydration or other change in the character of the film at
‘ " high temperature. Figure 5 illustrates the change in corrosion rates
i of types 304 L, 321, and 347 stainless steel pins with temperature.
Titardium and zirconium pins showed insignificant attack throughout -
the run.

This run at successively higher temperatures may be cqmpared in a
qualitative way with the isothermal runs discussed above as follows:

a. Corrosion of stainless steel was relatively severe above the
- eritical velocity in both cases.

be The critical velocity at each temperature in this run was
roughly the same as in the isothermal run at the same tem-
perature.

Therefore, it was concluded that exposure of stainless steel to this
solution at one temperature does not significantly affeét corrosion
at a higher temperature. In other words, the corrosion results from
the isothermal runs are also valid for conditions of successively in--
' creased temperatures.
” TABLE III

Operating Conditions Dﬁfiﬂéjhﬂﬁjét Various Temperéture'

N @9luti9ng ;@n@ki&o@@ SQ&foO Qa.m.H'SOh;u 050051§JQQSQh, 500 1000 ppm 02
e Time Temp. ) :
(hr) oC . Remarks
'hho 175175 Run interrupted after 292 hr at 175 C to examine cor-
rosion spec1mens.
.1702 200 Run interrupted after 573 hr at 200°C to examine spe-
cimens.
1734 225
366 250
339 300

;*‘~A 3.. Run Using Heavy Water Solution.

The stability of the proposed HRT solution in heavy water instead of
- normal water has also been investigated since the HRT will use a
- heavy water solution. A solution containing 0.04 m U050y, 0.02 m
DoS0), and 0.005 m CuSO) was circulated for 1000 hr at 300°C._ The
~ solution was stable and corrosiog results were similar to those ob-
Co tained in light water solution'’ Thus, there does not appear to
be an observable isctope effect in the corrosion and hydrolysis re-
actions occurring in these experiments.

428 016
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Effect of Chromium(VI) at 300 C on the Corrosion of Stainless Steel in
0.17 m Uranyl Sulfate Solution:

In the last report(l3), date were presented on the effect of chromium(VI)
in uranyl sulfate solutions on the corrosion of stainless steel at 250°
and 275°C. During the past quarter, a similar study was made at 300°C.
The experimental conditions were the same as in the previous studies; all
runs were made in the titanium loop, Loop G, for 100 hr in 0.17 m~UO,SOy
containing about 1000 ppm oxygen: Two type 347 stainless steel. pins“were
exposed at 10 to 12 fps where a f£ilm formed, and two, at 68 to TO fps
where a protective f£ilm 4id not form.

The results obtained at 300 C, as well as those at 250 and 275 C are
shown in Figure 6. Because the pins exposed at 300°C at high velocity
were partially filmed over on the downstream side, micrometer measure-
ments instead of weight losses were used to determine the depth of pen-
etration on the film-free portions of the pins. The filmed-over corro-
sion rate in the low flow region was lower than those obtained at 250°C
and 275°C and the high velocity corrosion rates were higher. The scatter
of the points at the higher flow rate was probably duei to errors in the
micrometer readings.

Since the data reported above parallel previously re?ogted data, the same
mechanism as presented before seems to be applicable 1 An Arrhenius
activation energy plot was made (log corrosion rate versus reciprocal ab-
solute temperature) at constant chromium(VI) concentration for corrosion
rates at 7O fps. Although the data are scattered, an apparent activation
energy of about 16 kilocalories per mole was calculated from the slope

. of the best straight line through the points at zero and at 10 ppm Cr(VI)

added. This value for the activation ener%y ?or corrosion is in rough .
agreement with those determfined previously\l5), showing that Cr(VI) does
not affect the mechanism of the corrosion reaction.

Effect of Copper(II) Concentration at 250 C on the Corrosion of Stainless
Steel in 0s17 m U0oS0)ys ‘

'The effect of the addition of various amounts of cupric sulfate to O.17 m

00250y at 250°C on the corrosion of type 347 stainless steel has been
studied in three runs.: Each run was of 100 hr duration and was made in
the all-titanium loop, Loop G, with an oxygen concentration of 1000-2000
ppm.. The results are shown in Table IV, which also includes for compari-
son, data from a previous run, G-k, which was made under the same experi-
mental conditions with no cupric sulfate added.

The data show that 49 ppm copper(II) had no apparent effect on the corro-
sion of type 347 stainless steel pins in either the low or high flow re-
gions. However, increasing the copper(II) concentration to 290 ppm in=
creased the high velocity corrosion rate slightly, but had no measurable
effect on the low velocity corrosion rate. When the copper(II) concen-
tration was raised to 1150 ppm, the corrosion rate at low velocity was
not significantly different from those rates observed in tests with lower
copper(II) concentrations. The corrosion rate at high velocity increased.

. 428 018
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G.

‘TABLE IV

The Corrosion of Type 347 Stainless Steel at
250° in 0.17 m U0pSOy, Containing Copper Sulfate

cu(rI) - Flow Rate Corrosion Rate*
Run No. : ppm ___fp ’ mpy:
G-k . 0 12 ' 85
12 83
e} 140 « -
T 180
G-65 | 49 13 78
: : 13 - 83
68 ' 150
. . 68 ' 140 ‘
G-67 290 . 13 82
13 75
68 200
68 150
G-68 | 1150 13 %
13 .99
68 ' 250
68 250

* Average Corrosion Rate for 100 hr Run.

Corrosion of Bearing Materials by Uranyl Sulfate Solutions:

A comparison of the corrosion behavior of various possible bearing ne-
terials has been made. The bearing materials were exposed as pin-type
specimens to a solution containing 0.04 m Uoo50)y, 0.02 m Hesoh, :0.005 n
CuSQO}, and 1000-2000 ppm oxygen at a flow rate of 13 fps for 200 hr at
150°C. The temperature of the test and sclution flow rate were not typ-
ical of bearing environment, but were chosen in order to give corrosion
rates high enough to separate the different materials. The results of
the experiment are given in Table V

TABLE V

Corrosion Rates of Bearing Materials in 0.O4 m
U02SOJ+ containing 0002 m H SO,_'_ and 00005 m CuSO,_‘_

Temperature - 150 ¢ ° Time - 200 hr: Flow Rate -~ 13 fps
o ‘ .o®
Corrosion Rate'
mp x

Materials N

17-7 PH "Annealed" (hardness RC-Uk) , 2.4
17-7 PH Hardemed( (lardness RC-U43)##¥¢ . 25
17-4 PH Annesled (hardness RB-T2) o1
17-4 PH Partially Hardened (hardness RC-35) 8.1
17-4 PH Fully Hardened (hardness RC-L) ywse 4.8
Stellite 1 6.1
Stellite 6 T 59
Stellite 98M2 ' | 40 408
A150, Sintered (pure alumina) 12
Grap itar <1k 8ix*

HR
**Average Corrosion Rate for the 200 hr Period. - Pins Cracked During Run

Pins broke during Removal from Holder -
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The relatively high corrosion r?tes of the 17-7 PH hardened and the Stel-
lite 98M2 pins were anticipated(l The high rate for graphitar was at
least partially due to the fact that the pins were broken during removal
from the holder and undoubtedly, some graphitar was lost.

Both hardcned 17-T7 PH pins and both fully hardened 17-4 PH pins developed

- cracks at the ende where identification numbers were stamped. The crack-
ing of fully hardened 17-4 P? Syainless steel 1n uranyl sulfate solution
has been observed previously'‘l The 17-4 PH and 17-7 PE "annealed"
pins and the partially hardened 17-4 PH pins did not show cracks under
microscoplc examination.

The "annealed" 17-T7 PH pins had hardness vulues higher then the hardened
17«7 PH pins. Since 17-7 PH stainless steel may be hardened either by
heat treating at 14OOOF or by cold working, it is believed that the stock
from which the "annealed" pins were made may have become hardened during
a preliminary swaging operation either by final annealing at too low a
temperature or by swaging without final annealing.

-

The fact that the 17<7 PH "annealed" pins did not develop cracks and
corroded at a rate a factor of ten lower than hardened pins is signifi-
cant in that a material of hardness RC-44 which showed low tendency to
crack and a low corrosion rate could be very useful. Metallographic
examination of the pins is being imde. :

"He Effect of Pretreatment Films on Corr081on of Stainless Steel in Uranyl
Sulfate Solutlons.

It has been found that some pretreatment films on stainless steel spec%lB)
mens break down in uranyl sulfate solutions and lead to pitting attack
vhereas other pretreatment £ilms protect stainles? steel from attack by
uranyl sulfate solutions for long periods of time({19)., 1o study further
the stability of preformed f£ilms, stainless steel’ specimens were pretreated
in different ways and the resulting specimens were exposed to uranyl sul-
fate solutions.

Three pretreating solutions wiré usedt (1) 50 ppm chromium(VI) as po-
tassium dichromate, (2) 50 ppm chromium(VI), and (3) 100 ppm chromium(VI)
as chromium trioxide. Each solution was circulated for 100 hr at 250°C

v with 1000 to 2000 ppm oxygen. After rinsing the pretreating solution
from the loop, the corrosion specimens were exposed to 0.17 m U0,S0y at’
250°C with about 1000 ppm oxygen to see if the pretreatment film would be
protective. .

‘The 50 ppm chromium(VI) as potassium dichromate was relatively ineffective.
The critical velocity of the type 347 stainless steel specimens after 200
hr in Q.17 m U050y, was about the seme as in a run without pretreatment,
20 to 30 fpss ‘The 50 ppm chromium(VI) as chromium trioxide was partially

- éffective since the critical velocity in 0.17 m UO was 35 to 40 fps.
The difference between potassium dichromate and chrom&um trioxide may lie
in the lower pH of the chromium trioxide solution.

UNCIASSIFIED
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The pretreatment with a solution containing 100 ppm chromiw(VI) as chro-
mium trioxide was very effective. A pretreatment film about 0.1 mg/ 1
was laid down on most of the specimens. This film on the type 347 stain-
less steel coupons extended the critical velocity to 55 to 60 fps and
withstood attack by 0.17 m UO SO for 1000 hr and by 1.3 m U0,E0 for
100 hr.. The ability of this %ilm to withstand attack by the concentrated
solution is remarkable inasmuch as the critical velocity in 1.3 m UOQSOu
without pretreatment would be less than 15 fps at 250°¢C.

The preceeding experiments show that preformed films may be useful in ex-
tending the critical velocity of the system for somettimss LiPétbher exper-
iments are in progress to determine how effective these f£ilms will be over
extended periods of time and to study the mechanism of £ilm breakdown in -
cases vhere it occurs.

Titanium Inserts in a Stainless Steel Loop:

During the construction.of 100A-loop N, two titanium inserts were installed
in turbulent regions to protect the stainless steel piping from excessivé
attac% a?d to investigate crevice attack between the titanium and the
steel At the end of Run N-24, after 9900 hr of exposure at 175 to
300°C to 0.0k to 1.3 m U0,80), solutions, the inserts were cut out for
examination. The position o% the ineerts in Ioop N is shown in Figure Te
The inserts are diagrammed in Figures 8 and 9.

One insert was an 8-in. section of 1-1/2-in. OD titanium 75A pipe machined
to fit snugly inside the stainless steel piping and flanged in place so
that the crevice between it and the stainless steel was dead-ended. The
interior of the titanium pipe wall was tapered to give a smooth transition
to the steel. The flow of solution through this insert was generally 40 4
&pm (about 7 £ps) and was very turbulent since the pin and coupon holders
were immediately upstream. In other loops, the stainless steel piping is
frequently severely corroded in this region.

Examination of this flanged insert (Figmre 8) showed there had been essen-
tially no attack on the titanium. A large amount of loose scale was found
in the crevice.between the titanium and the stainless steel. This scale
was magnetic and consisted largely of U0y and FE3O) - indicating that oxygen
exhaustion had occurred in the crevice.  However, any accelerated attack
on the stainless steel by the acid produced by oxygen exhaustion must
have stifled ifiself since no significant decrease in wall thickness in
the crevice region was apparent.!

‘The other insert (Figure 9) was #wo straight sectisms of 1-1/2-in. OD

titanium 75A pipe, one 12 in. and the other 3 in. long, machined to £it
snugly inside the stainless steel pipe and rolled at the ends to prevent
movement. They were butted end-to-end in a standerd loop 15-in. stain-
less steel pipe section. The flow of solution: through the insert was
generally 10 gpm (about 2 fps) and also was very twrbulent. Two 1/4-in.
holes were drilled through the 12-in. insert opposite each other in order
to facilitate removal of the insert. Theeer holes exposed the stainless
steel wall near the leading edge of the insert to solution. ,

48 022
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Examinetion showed again no attack on the titanium. waever, the staine-
less steel was corroded to a depth of about 1/16-in. where exposed at
each 1/4-in. hole through the titanium. It appeared that the attack of
the stainless steel was not due to & galvanic effect but rather to the"
fact that the flow of the uranyl sulfate solution was sufficiently tur-
bulent to remove the protective coating from the stainless steel and al- -
low the metal to corrode. Otherwise, the stainless steel under the ti-
tanium was covered with a thin f£ilm and had not been attacked, even whgre
exposed at the thin gap between the 3<in. and 12-in. insert sections. j A
small amount of loose, non-magnetic scale was in the crevice between the.
titanium and the steél. Evidently, no oxygen exhaustion occurred in this
crevice, perhaps because there was a significant flow of solution through
the holes in the insert, along the crevice, and out where the inserts S
butted togethers.

It may be concluded that titanium liners in areas of high turbulence can
protect the underlying steel piping and that the cr?gise formed' need not
léad to severe attack as was experienced previously However, holes
through the titanium, at least those as large as l/hnln. in diameter, may
fot £111° up with corrosion products and may lead to localized attack of
the steel: :

. IV.- LABORATORY CORROSION STUDIES (J. L. English E: Fo House, De No Hess, and
: . .Js Ca -Griess

A. Stress Corrosion of Type 347 Stainless Steel:

l. Effect 6f Halides in Uranyl Sulfate Solutions onASuscqptibility to
. Crac S - -

A laboratory-scale corrosion study to determine the susceptibility of
stressed type 347 stainless steel to cracking in halide-containing
boiling and aerated uranyl sulfate solutions was continued. The test
medium was O:Oh m U050y solution containing 0.02 m HySOy and 0:005 m
The halide ion concentrations included in the study were 0O,
lg 25, 50, and 100 ppm of chloride and 100 ppm of bromide and
iodide, respectively. The observations and results of the tests afz )
ter 500 hr of exposure time have been reported in detail previously
Thus far, the tests have been operated for a total of 2000 hr.

More recently, the stress-cracking study was expanded to include
chloride concentrations of 200 and 500 ppm and bromide concentrations
.of 50 and 200 ppm. The test conditions and the medium were the same
88 were used for the initial phase of the study. A total of 500 hr
has been accumulated with these tests.

The corrosion-test specimens were three-point loaded, constant-strain
assemblies of annealed type 347 stainless steel stressed at 15,000
and 30,000 psi. The stressed assemblies were exposed along with un-
stressed control svecimens in the different test medis. All speci-
mens were removed after total elapsed exposure periods of 50, 100,
200, and 500 hr for examination for crecks and determination of cor-
rosion rates. A complete summary of the corrosion data for the pree-
ent and the preceding stress-cracking tests is included in Table VI.

TV 026 UNCLASSIFIED



UNCLASSIFIED , Page 28

It was reported that cracking occurred on the stressed type 3&7 stain-
less steel in uranyl sulfate solution containing 25 and 50 ppm of
chloride rispectively, during the. initial 100 to 200-hr exposure
intervalt - In the present tests, suspected cracking was observed
on stressed specimens in seolutions conteining 200 and 500 ppm of chlo-
ride ion at the end of 500 hr; the suspected cracks developed during
the 200 to 500-hr exposure interval. Additionasl exposure time will '
be required to verify the existence of actual cracks. No cracks have
been found on stressed specimens in solutionscontaining 0, 5, 10, or
100 ppm of chloride nor in solutionscontaining 50, 100, or 200 ppm

of bromide or 100 ppm of iodide.

The attack on stressed»and unstressed type 347 stainless steel by
chloride~-containing uranyl sulfate solution was predominantly gen-
~ eralized in nature with random pitting. The frequency and intensity
of the pitting attack appeared more severe in solutions containing = |
either 25 or 50 ppm of chleride ion.. At chloride levels of 100 ppm '
and greater, the generalized attack increased in severity with in-
creased chloride concentration; infrequent shallow pitting was ob-
served also. At the lower chloride levels - 10 ppm and less - the
attack wvas mildly-generalized with some randem shallow pitting.
Similarly, increasing the concentration of bromide ion from 50 to

100 and 200 ppm resulted in a more severe generalized corrosion at-
tack on both stressed and unstressed specimens; shallow pitting was .
also evidenced. A few pits were observed on specimens in the uranyl
sulfate solution containing 100 ppm of iodides generalized attack

was mild in the enviromment.

The effect of chloride ion in concentrations ranging from O to 500
ppm on the generalized corrosion attack of unstressed type 347 stain -
less steel by boiling and aerated 0.0k m U0,50), - 002 m HyS0), - .
0.005 m CuSQ) solution is shown in Fig. T10. The observed weight
losses on the stressed assemblies were not used to present the ef-
fect of chloride concentration because of a presently-unexplained
lack of agreement with results for the unstressed control specimens.
It wvas felt that the latter results would serve to present a more
realistic view of the effect of chloride on the extent of corrosion
attack. The weight loss data in Figure 10 were for duplicate um-
stressed control specimens exposed for a total of 500 hr in the re-
spective test media:; The &0D-hr weight loss data for chloride con-
centrations from 0 to 100 ppm have been reported previously and in-
dicated a lev?li?g-off in the rate of attack with increased chloride
concqntration However, the recent data with solutions contain-
ing 200 and 500 ppm of chloride showed the rate of corrosion attack
to increase in linear fashion over the range of chloride concentra-
tions from 50 to 500 ppme The corrosion rates for both stressed and
unstressed specimens of the type 347 stainless steel were found to
decrease in magnitude with an increase in the total exposure time.

- The tests will be continued for an additional 1500 hr.
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TABLE VI

Stress-Corrosion Behavior of Type 347 Stainless Steel in Boiling
and Aerated 0.04 m U05SO3 - 0.02 m HyS0) - 0,004 m CuSOy Solution
Containing Chloride, Bromide, and Iodide Additions

Stress Total Observed

Test Halide Level Time Corrosion -
No. Conc. (ppm)  {psi) “(hr}  Rate(mpy) Observations
P-9 0 15,000 2000 <0:1 No cracks, uniform attack
30,600 2000 <0.1 No cracks, uwniform attack
P-10 5..C1” 15,000 2000 <0.1 No cracks, random pitting
30,000 2000 <0.1 No cracks, random pitting |
P-11 - 10Cl” 15,000 2000 0:6  No cracks, random pitting
30,000 2000 0:2 No cracks, random pitting
P-12 25 C1” 15,000  100008) 1.5 Cracks formed during 200
\ to 500 hr interval,pitting
attack

30,000 1000(3) 5.6 Cracks formed during 100
: ' to 200 hr interval,pitting
attack

P-13 ‘50 C1~ 15,000 1ooo(a). 5.9 Cracks formed during 100
to 200 hr interval,pitting
(a) attack _ '
30,000 1000 5.1 Cracks formed during 100
to 200 hr interval,pitting

attack
P-14 100 Cc1” 15,000 2000 4.8 No cracks; random pitting
30,000 2000 .6s1 . No cracks; random pitting
S-25 200 c1° 15,000 500 8.8 No cracks, random pitting
‘ 30,000 500 12:4 Suspected; cracks; pitting
S-26 . 500 C1” 15,000 500 9.8 Suspected cracks, random
. pitting
30,000 500 13.5 Suspected cracks; random
pitting
s-27 50 Br~ 15,000 500 <0,1 No cracks; random pitting
30,000 500 <0.1 No cracks; random pitting
P-15 100 Br~ 15,000 2000 3.0 No cracks; random pitting
30,000 2000 k.5 No cracks; random pitting 50
. o
S-28 200 Br~ 15,000 500 1.6 No cracks; random pitting O
' _ 30,000 500 1.6 No cracks; random pitting
-(v) : ; , . @
P-16 100 I 15,000 2000 0.8 No cracks; random pitting v
30,000 2000 0.7 No cracks; random pitting S

(a) Test terminated after 1000 hr.
(b) Concentration adjusted to approximately 100 ppm I at start of each run byyaddition .
of KI. Todide content decreased. during operation at boillng due to volatilization

-losses. .
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2.

‘phase was 100 per cent.

Inhibition of Stress-Corrosion Cracking.

A test program waes initiated to examine possible remedial measures
that might be considered for elimination of the susceptibility of

the austenitic stainless steels, specifically type 347 stainless
steel, to cracking in chloride-containing environments. One of the
proposed protective measures that will be considered is the use of
chemical corrosion inhibitors, including the pertechnetate ion, TcO T
Also, the use ‘of cathodic protection by means of sacrificial anodes
will be investigsted.

"In order to evaluate the effectiveness of chemical additives on the

suppression of cracking in sustenitic type 347 stainless steel, it
was necessary to establish the enviromnmental test conditions such
that consistently-reproducible cracking could be obtained. ‘The ma-
Jor effort on the stress-cracking program during the past quarter

was concerned with attempts to produce an enviromment that was ca-
pable of cracking stressed specimens of type 347 stainless steel with
regularity. The results of this effort are described in the follow-
ing section. '

The environment that was found to produce consistent cracking within
latively-short periods of exposure was distilled water containing

-lOO ppm of chloride ion and various levels of dissolved oxygen at a

temperature of 300 C. Approximately one-half of the chloride con-
centration in the distilled water was added as NaCl; the remaining
half, as HC1 which lowered the pH to & value of 2.8. Four concentra-
tion levels of dissolved oxygen were investigated: (1) normal oxygen
which represented the available oxygenifrem-air in the liquid and gas
phases of the stainless steel autoclave at the start of the.test;
(2) 50 psi of oxygen (added initislly as hydrogen peréxidé} which
corresponded to & dissolved oxygen content of approximately 450 ppm

‘at the test temperature of 300°C; (3) 100 psi of oxygen (by tank oxy-

gen gas addition to the autoclave at room temperature) which was oS8
timated to be between T00 and 800 ppm of dissolved oxygen at’ 300 C:
and (%) 150 psi of oxygen (by hydrogen peroxide addition) which cor- .
responded to a dissolved oxygen content of approximately 1200 to 1300°
pp at 3000C., .-

Specimens of annealed type 347 stainless steel, 3/h X 3 in. were cold-
formed into a U-bend. The open ends of the "U" were drawn partially
closed by means of a type 347 stainless steel tie-bolt to subject the
specimen to a condition of elastically-applied stress. The U-bend

.speeimens were placed in both solution and vapor phase of the test

mediume.

A summary of the results of the stress-corrosion cracking test appears
in.Table VII.. In & total of 4§ U-bend specimens that were exposed in
the solutiofl_and the vapor phases -of the chloride-containing distilled
water at 300°C, cracks were observed on 40 of the specimens after ex- -
posure periods from 100 to 339 hr. The eight specimens that showed

no indication of cracking were specimens that were exposed in the vapor
above the test medium. Reproducibility of cracking in the solution

428 030
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Stress Cracking of Type 347 Stainless Steel at 300°C

By Distilled Water Containing 100 ppm of Chloride

: Tie-bolts) ,

: No.of Generalized
Test Approximate ‘Total - Spec- Specimens CCorvogian
No. Pressure (psi Hr imens Location . Rété&(mpy) Observations
U-21  Negligible'®) 199 1 Solution Cracks .
C 1 Vapor No Cracks
U-22  Negligible 199 1 Solution Cracks
1 Vapor No €racks
U-20  Negligible 339 1 Solution Cracks
- 1 Vapor Cracks
U-23 - Negligible 339 1  Solution Cracks
_ , 1l . Vapor Cracks
U-24  Negliiible 339 1 Solution 1 Cracks
: 1 Vapor - 0] Cracks
U-17 50 (b) 199 1 ‘Solution 4 Cracks
| | 1 Vapor 303 No Cracks
U-18 50 199 1 Solution 3¢] Cracks.
‘ : . ’ 1 Vapor 2 Cracks
U-15 50 339 1 Solution 4 Cracks
1 - Vaper 3 Cracks
U-16 50 339 1 Solution 3 Cracks
' 1 Vapor T Cracks
U-19 50 339 1  Solution. T Cracks
_ 1 Vapor 9 Cracks
U-20A 100¢) 140 " Solution 1.5 Cracks
: ' 1209 Cracks B
16,7 Cracks
lll-_o9 CraCkS
Vapor 540 Cracks
)4'03 Cracks
6.6 Cracks
) h-oa ckae
U-29 100 199 Solution 5.8 Cracks
; ' hoh Cracks .
5ok Cracks .
. 5.9 Cracks
Vapor 0.2 No Cracks
0i2 No Cracks
062 - No Cracks
| . | 0.2’ No Cracks
U-29B - ¥do 166 2 . soliition s Cracks
: (347 Stainless 4.3 Cracks
~ Steel Tie<bolts) '
2 . Solution 6okt Cracks -
(Carbon Steel 8.1 Crackg ~ig -
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TABLE VII (Continued)

Stress Cracking of Type 3&7 Stainless Steel at 300 C
By Distilled Water Containing 100 ppm of Chloride

' ‘ No. of Generalized
Test Approximate 0o Total Spec- Specimens Corrosion
No.  Pressure (psi Hr _ imens Location _Rate(mpy) Observations

U-17A - 150'®) 140 1 - Solution 8.5 Cracks
- 1 . Vapor 649 Cracks
U-1T7B 150 140 1 Selution 9.1 Cracks

‘ 1 Vapor 0.2 No Cracks

U=-184 150 140 1 Solution 8.2 Cracks
: 1 Vapor 9sh Cracks.
U-18B 150 140 1 Solution 9.3 Cracks
Vapor 6.0 Cracks

(a) Oxygen content limited to the amount initially present from air in the .
gas and 1iquid phases of the test autoclave.

(b) Oxygen pressure produced by addition of 30% Hédz to test medium.

(c) Autoclave pressurized with oxygen gas at toom temperature at start of
Iune

The as-removed condition of the stressed specimens was characterized
by heavy and non-uniform deposits of dark brown and black colored
corrosion products. The solution-exposed specimens were more heavily-
endowed with the deposits than the vapor-exposed specimens. The cor-
rosion rates reported in Table VII were determined from observed
weight losses after the specimens had been subjected to two succes-
sive 3-min cathodic defilming tweatments in inhibited 5 wt % HyS0, |
solution at 75°C using a current density of 20 amps/dm. The values
for the generalized rates, although fairly high in most cases, were
not necessarily indicative of the severity or extent of pitting at-
tack. All of the specimens exhibited a marked tendency toward pit-
ting; this tendency was more pronounced on solution-exposed than on
vapor—exposed specimene.

One interesting phenomenom was presented by the stress-corrosion
cracking behavior of thé vapor-exposed specimens. Eight of the spec-
imens exhibited no signs of cracking after exposure periods of 140
or 199 hr in the 300°C environment. In every case, the generalized

. corrosion rate for the specimens ranged from 0.2 to 0.3 mpy as com-
pared with considerably~-higher corrosion rates for the companion so-
lution-exposed specimens which did exhibit cracking. With two éx-
‘ceptions - when cracks were found on vapor-exposed specimens - the.
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generalized corrosion rates approached in magnitude the high values
observed on the solution-exposed specimens. The two exceptions to
this behavior occurred with specimens exposed in environments with
negligible oxygen pressure and with approximstely 50 psi of oxygen
pressure (tests U-18 and U-20 in Table VII). The generalized corro-
sion rates for the two vapor-exposed specimens were similar to those
experienced by specimens that did not show cracking, 0.2 and 0.3 mpy
after 199 and 339 hr of exposure, respectively. However, both spec-
imens were cracked. The corrosion rates for the solution-exposed
companion specimens in the two testswere 2.9 mpy for the 199-hr test
and 4.9 mpy for the 339-hr test.

It should also be emphasized from the data in Teble VII that the in-
cidence of cracking on the stressed specimens of type 347 stainless
steel was independent of the dissolved oxygen content in the test
medium. Cracking was observed on specimens in the chloride-contain-
ing distilled water with a low oxygen pressure as well as in water
pressurized with an approximate oxygen pressure of 150 psi.

The use of cathodic protection to eliminate stress-corrosion cracking
of type 347 stainless steel in boiling 42 wt % Mgcm2 solution by cou-
pling t?e ?tainless steel with carbon steecl has been reported by
Compere In the work by Compere, a specimen of the stainless
steel stressed at 40,000 psi was placed in contact with carbon steel
and exposed for 160 hr in boiling 42 wt % MgCl, solution at.154°C.
Very active corrosion attack was experienced by the carbon steel,

but no cracks developed on ‘the type 347 stainless steel stress speci-
men during the 160 hr. Normally, uncoupled and stressed type 347
stainless steel evidenced cracking within several hours of exposure
in the magnesium chloride environment.

In view of the sbove-reported behavior of stressed type 347 stainless
steel coupled with carbon steel, it was decided to examine couples of
the two materials in the present program with distilled water at 300°C
containing 100 ppm of chloride. The specimens were the U-bend type
as described previously. In place of the type 347 stainless steel
tie-bolt used to draw the open ends of the "U" together; a carbon
steel tie-bolt was substituted. Duplicate specimens of the couples
along with duplicate specimens having type 347 steinless steel tie-
bolts were placed in the solution phase of the water-chloride medium.
The autoclave was pressurized with 100 psi of oxygen gas and heated
at 300°C for 100 hr. The results of the test were not encouraging
(test U-29B in Teble II). Both specimens with the carbon steel tie-
bolts underwent cracking during the 100-hr exposure as did the un-
coupled type 347 stainless steel control stress specimens. The car-
bon steel tie-bolts showed excessive corrosion damage. It was con-
cluded that in the particuler enviromment under study, the coupling
of stainless steel with carbon steel to eliminate cracking on the
forme# was of no value. Further testing will be conducted to sub-
stantiate this conclusion, however. With an environment available
that is capable of good reproducibility in stress-cracking type 347
stainless steel, work during the next quarter will be concentrated
on the use of chemical corrosion inhibitors as a possible means of
eliminating cracking. The initial effort will be concerned with the
use of the pertechnetate ion for this purpose.
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3. Stress-cracking éf'Type 347 Stainleés Steel and Other Materials by

Chloride-containing Cooling Water:

A 10006hr run was completed on a pipe U-bend spray test operated under
-€enditions that simulated those under. which a BE§V1¢3 failure by crack-
ing occurred in a dynamic-corrosion test 100p(2 . The construction
and operational c?ar?cteristics of the U-bend spray test have been re-
ported previously 25), In resume, the test unit originally consisted
of six U-bends of 3/8 and 1/2-in. sch 40 type 347 stainless steel pipe
attached to common steam and condensate headers. Steam at 60-psig
(1539C) was passed through the pipes which were externally-cooled by

a continuous spray of Y-12 potable water containing an estimated dis-
solved chloride content of 3 to 7 ppm. Cracking was reported to have
occurred on all six of the U<bends during nearly 11,000 hr of opera-
tion of the test and was attributed to the presence 8f approximately
760 ppm of chloride in the watey-deposited scale that accumulated on
the outer surfaces of the pipesf21§¢

‘The present 1000-hr run was made 'in a new spray-test unit that was
constructed to accommodate 14t pipe U-bends. The operating conditions
were the same as described in the preceding paragraph - internal heat-
ing with 60 psig steam and external cooling with chloride-containing
filtered water. The investigation was concerned with the susceptibi-
1ity of 1/2-in. sch 40 type 347 stainless steel pipe to stress-corro-
sion cracking by chloride-containing filtered cooling water as influ-
enced by the initial heat-treated condition of the pipe. The heat
treatments employed after cdld forming the U-bend were annealing,
sensitizing, and stress-relieving. Pertinent data for the various
_heat treatmente are summarized in Table VIII. -The effect of shot-
peening on the cold-formed surfaces of a pipe U-bend to reduce sus-
ceptibility to cracking was examined also. ‘A total of 12 pipe U=
bends. of type 347 stainless steel in the as-formed,; sensitized, stress-
relieved, annealed, and shot-peened conditions was exposed for the
1000<hr test in the cooling water spray test. -Sensitized specimens
of the type 347 stainless steel pipe were previously found acceptable
by the boiling 65 wt % HNO3 test; observed penetration rates (average
for five 48shr periods) were not in excess of an allowable value of
2.0 mils/month. -In addition to the type 347 stainless steel U-bends,
single U<bends of modified type 430 stainless steel (6 Cr - 1 M -

" 002 C) and MST Grade 3 titanium were placed in the spray test to
determine the stress-corrosion cracking behavior of the two materials
yhder the operating conditions of the spray test.

The incidence of cracking on the 14 pipe U-bends is summarized in
Table VIII. Apparent crecking was found on all U-bends wiih three
exceptions. Of the type 347 stainless steel U-bends, no crac

was observed after 1000 hr on the bends that were annealed for 1l/2-
hr at 1950°F before exposure nor on the single U-bend that was shot-
peened after cold ferming. Iikewise, no cracks were found on the
modified type 430 stainless steel U-bend. The MST Grade 3 titanium
U-bend exhibited suspicious indications of cracking, but closer exame
ination showed the suspected cracks to be scratches in the metal.
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TABLE VIIT
Stress-Corrosion Cracking of Steam-Heated Type 347 .
_Stainless Steel and Other Materials Extermally-Cooled
for 1000 Hr by Chloride-Containing Potable Water

" % Chemical composition: 16.1 Cr, 0.86 Ni,

- Number
J A of . ‘
o Mhterial U-Bends Initial Treatment . Observations .. -

347s8 3 Cold-formed; no héat tredt- Numerous cracks on all 3 U-

. ment; lightly pickled in bends; many pits in crack

‘ HNO3<HF areas ‘

34788 2 'Cold%fOrméd; sensitized 1 . Cracking frequency greater
hr at 1250°F; air cooled; than on-assbent pipes; many
pickied in HNO3-HF. deep pits associated with
_ '‘eracks and elsewhere

3&7SSA .2 Cold-formed; heated 24 hr Numerous cracks on both spec=

' at 600°F; air cooled; imens; many deep pits in crack
pickled in HNOgéHF " areas .

347SS 2 Cold=formed; heated 12 less cracking than observed
hr at 750°F; air cooled; on 600°Fstreated Usbends,
pickied in HN036HF X many pits

34788 - Cold=formed; annealéd 1/2.' Nb‘apparent cracks, many pite
hr. at 1950°F; water cooled;

- , pickled in HN03eHF :
3h7SS 1 Cold«formed; lightly grit- Nb'apparentlcracks, some
. . blagted; shotspeened pitting attack
! 4308 8 1 Cold=formed; pickled in . No apparent cracks; some
(modo) HN03»HF pitting attack
'MSTGr3 1  Cold-formed No apparent cracks; random
Ti pitting '

0.02 Cse
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All pipes evidencing signs of cracking will be subjected to metallo-
graphic examination to verify the presence of cracks as indicated by
the Super-Pentrex technique. The 14..U-bends were initially examined
for the presence of cracks by the Super-Pentrex method after 6bld-
forming and before subjecting to the various heat treatmenta,,noa
cracks were found on any of the U-bende before their exposure to the
chloride-containing cooling water.

In the majority of cases, the location of the cracks was on the ten-
sion side of the stressed pipe U-~bends. No cracks were found on in-
ner surfaces that were under compressive stress as the result of the
cold forming operation. A considerable amount of pitting attack was
present on all pipe U-bends. In instances where cracks were formed,
the pits were intimately associated with the crack areas. Numerous

cracks passed directly through pit sites, but there was no positive

indication that cracking originated from a pit site.

Low-temperature stress-relieving heat treatments at 600 and 750°C
were found to be ineffective in eliminating the susceptibility of
the type 347 stainless steel pipe to cracking by the chloride-con~
taining water; but in the latter case, the frequency of cracks ap-
peared to be less than in the case of the 600°F stress-relieving
treatment and considerably less than in the case of the U-bends sen-
gitized at a temperature of 1250°F. Annealing at & temperature of
1950°F was successful in preventing cracking from oceurring during
the 1000-hr éxposure. Shot-peening which placed the entire surface
of the U-bend under compressive stresses was also successful for pre-
venting the formation of cracks during the 1000-hr run.

The annealed and the shot-peened Usbends of type 347 steinless steel
will be subjected to additional exposure in the spray test as will
the U-bend pipe of modified type 430 stainless steel and other pipe
bends of titanium alloys.: Attention will be given to the use of
cathodic protection for the prevention of stress-cracking of type
347 stainless steél such as might be obtained by contacting the
stainless steel with aluminum during the exposure to the cooling
water. Other factors affectimg the susceptibility of type 347 stain-
less steel to stress-cracking will undergo examination. These fac-
tors will include different combinations of heating time and tempera-
ture in stress-relieving operations. An attempt will be made to de-
termine if any correlation exists between the susceptibility of a ma-
terial to cracking and its behavior in boiling 65% HNO3.

Corrosion. of Zirconium Alloys by Uranyl Sulfate Solution:

In cooperation with the HRP Metallurgy Group, & number of zirconium-base

alloys has been tested in oxygenated uranyl sulfate soclutions. In addi-

tion to supplying information on the general corrosion resistance of the

various alloys, the test program was designed to furnish corrosion spec-

imens for study of the oxide film structure dy x-ray and by electron dif-
fraction techniques. For the latter purpose, specimens were exposed for

two periods, 100 hr and & maximum of 1000 hr. The 100-hr specimens will

be used for electron diffraction examination of the films and the 1000-hr
specimens will provide oxide for x-ray diffraction examination. The re-

sults of the film studies are not available at this time.
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Corrosion data were obtained for alloys of zirconium with tantelum, mo-
lytdenum, niobium, and tin. Finger-type castings of the alloys were pre=-
pared by the HRP Metallurgy Group by arc melting in an inert atmosphere.
After a homogenizing heat treatment for some of the alloys, the materials
vere cold rolled to & thickness of 0.1 or 0.06 in. and machined into cor<
rosion-test specimens.

The specimens were eXposed in oxygenated 0,04 m U0oS0), solution contain-
ing 0.02 m ufgsoh and 0,005 m CuSOy. The test temperature was 300°C. Two
types of surface preparation wvere used on the specimens. In one case,

the surfaces were mechanically-abraded on 180 grit paper;.the other type
of preparation was by chemical polishing in a nitric-sulfuric=hydrofluoric
acid solution. The specimens were insulated from the stainless steel teat
containers with Teflon hangers during the high-temperature exposures

The obgserved corrosion rates included in Table IX WEre determined from
the as-removed and scrubbed weight losses on the specimens. A consider- '
able number of the specimens exhibited weight gains rather than weight
losses after an 804 or 1000-hr exposure in the uranyl sulfate solution.

The least corrosion«resistant alloy tested was the 10Mo~-90Zr alloy which
corroded at rates of 3.6 and 4.5 mpy for duplicate specimens after.80k hr;
the surfaces of the specimens were initially prepared by chemical pelish-
ing.- Other alloys that sliowed corrosion rates included a chemically-
polished specimen of the 5Mo-10Nb-85Zr alloy which was corroded at a rate
of 1.5 mpy in 1000 hr and chemically-polished specimens of the SMo-15Nb-
80Zr and 5Mo-10Nb-5Ta-80Zr alloys that were corroded at a rate of 0.9
mpy in 1000 hr. A corrosion rate of 0.2 mpy was observed on a mechani=
cally~-polished specimen of the 5Mo-10Nb-85Zr alloy after an exposure pe-
ried of 804 hr.

The behavior of mechanically-polished and chemically-polished specimens
of the remaining alloys which included 33Wb-67Zr, TMo-20Nb-T3Zr, and
3Sn-15Nb-82Zr compositions was characterized by weight gains ranging
from 0.1 to 0.8 mg/cm?o By comparison with the corrosion behavier of
the present alloy series undergoing test, cast specimens of Zircaloy-2
exposed in a somewhat similar environment at 300°C showed a negligible
weight change after 1000 hr. The environment for the Zircaloy-2 test
was oxygenated 0.04h m U0oS0) solution containing 0,004 m H,S0, &nd 0.005
m CuSo, .

)

Three of the six alloys that were supplied with both mechanically- and
chemically~polished specimens showed an appreciable differénce in corro-
sion behdvior between the two types of initiel surface preparation. The
three alloys showing this difference in behavior were of the following
compositions: 5Mo-10Ib-85Zr, 5Mo-15Nb-80Zr, and 5Mb~lONb=5Ta-80Zr. The
mechanically-polished specimens of the alloys exhibited slight weight
gains - not in excess of 0.3 mg/cm? = or near-negligible corrosion rates
after 804 hr in the oxygenated uranyl sulfate solution at 300°C whereas
the chemically-polished specimens of similar alloy type showed corrosion
rates after 1000 hr of 0.9 or 1.5 mpy. In all cases, attack on specimens
with both types of surface preparation was umiform. Similarly, unifomrm
attack was observed on mechanicallys and chemically-polished specimens
of the other zirconium-base alloys included in the investigation.
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+ \TABIE IX

The Corrosion of Zirconium-Base Alloys by Oxygenated 0.0k m
(C0350, - 0.02 m E,SO0, - 0.005 m CuSO, Solution at 300°C

: Observed

Teat Material Alloy e Specimen Total Weight .

No. . Identity Composition (w/o) Heat Treatment Condition Hr Change(mg/cm?) Specimen Condition

S-Th4 Zr-42 33Nb-6T2Zr No heat treatment; Mechanical- 8ok (1) + 0.3 Dull medium-dark gray
cold=rolled direct- ly-polished (2) + 0.1 uniform £ilm; uniform
ly from casting to attack

) . 0.06-1in. thick ’ .

s-16 Zr-42 33Nb-67Zr Same as ebove Chemically 1000 + 0.5 Lustrecus brown-and-

~ polished gray thin film; uni-

- . , _ form attack

S-78 Zr-18  10Mo-90Zr Hot-rolled at 700°C  Chemically 8ok (1) - 5.8 Mottled green-and-brovm
to 0.1 in.; cold- polished (2) - 7.4 £ilm; surfaces heavily

_rolled to 0.06 in. . roughened; uniform at=
. . . . - . , . tacko.

S-T1 Zr-12 5Mo-10Nb-85Zr Homogenized 7 hr at Mechanical- 804 ) (l) - 0.2.  Dull yellow-and-brewn -
11759C; .water ¢ ty-polished . (2} negligible streaked film; uniform
quenched; cold-rolled ‘ attack
tO 0.1 in. -

5-13 Zr-12 5Mo-10Nb-85Zr Same as above Chemically 1000 = 3.0 Mottled gray-and-green

polished film, uniform attack

S-T3 Zr-17  5Mo-15Nb-80Zr Homogenized 2 hr at  Mechanical- 804 + 0.3  Semi-lustrous dark-

: 1175°C; water polished brown-and-black f£ilm;
quenched; cold- uniform attack *
rolled to O.l in. _ »

-8-15 Zr=17 5Mo-15Nb-80Zr -Same as &bove Chemically- 1000 = 1.9 Mottled gray-end-black

: L ' _ e , polished £ilm; uwaiform attack

S-81 Zr-47  TMo-20Nb-T73Zr No heat treatment; Chemically- . 804 +.0.1  Lustrous dark gray film

‘ cold-rolled direct- . polished - with yellow streaks, -
1y from .casting to uniform attack
0.1 in,
39
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TABLE. IX .(Continued)
Y

3

The . Corrosion of: Zirconium-

; Base Alloysmby Oxygenated 0.0k m
ansoh = 0,02 .m HQSOI& - 0,005 g CuSOll_ Solution at 30090 '

)

“* Py 1

Observed
Test DMaterial Alloy o , Specimen Total ‘Weight o
No. - Identity Composition (w/o) Heat Treatment Condition Hr . Change{mg/cn®) Specimen Condition
S-72 Zr-1l 5M6-10Nb-5Ta-80Zr - HbmogenizedAT hr at . Mechanical- 8ok + 0.2 Dull dark brown-and-
: ' . 1175%C; water. ly-polished ’ black £ilm; uniform
quenched;. cold- attack
A rolled to O.1 ine .
S-14  Zr-1k 5Mo-10Nb-5Ta-80Zr Seme as above Chemically 1000 - 1.9 Mottled dark gray-and-
' polished black film; uniform
. L : ot , attack
S-75 Zr-67  3Sn-15Nb-827Zr No heat treatment; Mechanical- 80k (1) + 0.4 Dark gray f£ilm with
cold-rolled direct- %y polished (2) + 0.5 vhite streaks; uniform
1y from casting to attack
0.06 in. o ‘
- S=17 Zr-67 . 3Sn-150b-82Zr Same as above Chemically- = 1000 '+ 0.8 - Mottled gray-and-black
' " polished film; uniform attack
ho
W
Y,
(6]
- -
o
(o’
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Future work will be concerned with a study on the effect of additions of
iron, palladium, nickel, tin, vanadium; and yttrium on the corrosion be-
havior of zirconium-niobium base alloys in oxygenated uranyl sulfate so-
lution at 300°C. The corrosion behavior of binary alloys of zirconium
with pslladiug, manganese, titanium, indium, uranium, platinum, chromium,
and stliecon will also be investigated.

Corrosion. of Elgiloy by Uranyl Sulfate Solution:

The. behavior of Elgiloy - a spring material considered for use in the HRT -
liquid-level controller with a nominal chemical composition in weight per
cent of 20Cr-15Ni-2Mn-TMo-40Co - in o§¥genated uranyl sulfate solution at
300°C has been described'previously(2 Although the alloy was found to
prossess satisfactory corrosion resistance in both solution and vapor phases
of the 0.04 m U050y solution containing 0.02 m HySOy end 0.005 m CuS0y,
Jater tests showed the alloy to be susceptible to stress-corrosion crack-
ing in a sim%lgs environment known to contain less than 2 ppm of dissolved
chloride ion!2 Corrosion studies with Elgiloy during the past quarter
were concerned with the use of various pickling end heat treatments to
minimize or preferably eliminate the susceptibility of the alloy to stress-.
corrosion cracking in oxygenated uranyl sulfate solution at elevated tem-

" perature. The Elgiloy used for the corrosion tests was received as 0.830

in. thick strip which was cold-rolled to 85% reduction in area. The as-
received hardness of the 'strip was between 50 and 51 Rockwell C; the yieXd
strength was reported as 150,000 to 170,000 psi.

Two approaches were used in an attempt to eliminate the stress-cracking
susceptibility of the alloy. One approach dealt with the use of pickling
or electropolishing treatments on the test specimens to remove residual
surface stresses which may have been preduced during cold-rolling of the
strip. - The second approach was concerned with the use of an annealing
treatment at 2100°F to remove all surface and internsl stresses in the
alloy strip.

- The general ¢orrosion resistance and the resistance to stress-cracking

of hardened Elgiloy strip was examined, also. The hardened. specimens
were pickled or electropolished pfior.tootest. The hardness of the al-
loy after heat treatment for 5 hr at 900 F was increased from the as-
received hardness of 50 to 51 Rockwell C to a value of 56 Rockwell C.

The environment for the stress-corrosion cracking tésts was oxygenated
0.0k m U0pS0), solution containing 0.02 m E,S0, and 0.005 m CuSOy at a
temperature of 300°Cs Hydrogen peroxide additions were used to supply.
the desired oxygen pressure of approximately 150 psi at the test temper-
ature.

The Elgiloy specimens were carefully prepared from the 0.030-in. thick
strip for solution and vapor exposure in the uranyl sulfate solution.
Vepor-phase specimens were included in the investigation since in actual
HRT operation, the liquid-level control springs operate in the vapor
phase above the uranyl sulfate fuel solution. The specimens were identi=
fied with the aid of .a Vibra-tool, rather than by stamping, in order to
minimize the possibility of cracking occurring at stamped identification

numbers.
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Test
NOQ

R-18

R-12
R-13
R-17

R-1L4

R-15

; R-16

Tt T

Medium .

Distilled 'Hzo

0.0k m U050y,
0.02 m HpSO),
0.005 m CuSOy,

Same as above
Same as above

Same as above

Same as above

Same as above

TABLE X

-

Corrosion Béhavior of Elgiloy in-Oxygenated Distilledo
Water and in Oxygenated Uranyl Sulfate Solution at 300°C

Specimen
Treatment

(1)

As-received

As-received

As=received;pick-

led in HN03-HF

As=recei§ed; elec-
tropolished in
H3P0h-CrO3

Annealed 20 min
at 2100°F; air

cooled; pickled
in HNO,-HF 2)

Hardened. 5 hr in
air at 900°F; air

COOled;(gickled in-

HNO_ ~HF"
3

Hardened 5 hr in

air at 900°F; air

cooled; pickled;
electropolished in

H3PO,+-CrO3

(1) As-received hardness, 50 to 51 Rockwell C.
(2) Hardness after annealing, 85 Rockwell B..
(3) Hardness after heat treatment, 56 Rockwell C.

Observed

Specimen Total Corrosion
Location  Hr  Rate(ipy)
Solution 1524 0.1
Vapor 1524 Gain
Solution - 2000 1.7
Vapor 2000 0.3
Solution 2000 2.3 -
Vapor 2000 0.4
Solution - 1524 2.
"Vapor 1524 280"
Solution 1524 4.9
Vepor 1524 1.0
Selution 1524 2.2

_ Vapor 1524 1.3
Solution 1524 2.3
Vapor 1524 2.2

. Specimen Condition

Mottled thin £ilm; no cracks
Mottled thin film, no cracks

Uniform ettack; cracks on edges k
Uniform attack; cracks on edges

Uniform attack; cracks and split-
ting along edges; less severe on
vapor-exposed specimen

Uniform attack wita cracks and

splitting along edges; less
severe on vapor-exposed specimen

Uniform attack; no cracking
Uniform attack; no cracking

Uniform attack with cracks and

+Bplitting along edges

.Uniform sttack; no cracks observed
"on either specimen

‘o sBeg
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Results of the corrosion tests are summarized in Table X. A test was
run in oxygemated distilled water at 300°C with the as-received materi-
al to serve as & control for comparing with the stress-corrosion crack-
ing behavior of the alloy in uranyl sulfate solution. No cracking was
observed on the solution- or vapor-exposed especimens after 1524 hr in
the distilled water environment.

In uranyl sulfate solution at 300°C, cracks were found on as-received.
and pickled specimens, as-received and electropolished specimens, and
on hardened end pickled specimens at the completion of 1524 and 2000-
hr exposure periods. The appearance of cracks which were present on
both solution and vepor phase specimens was noted considerably earlier
in the tests. The cracks were located for the most part at the edge
surfaceés. Im addition to cracks, the specimens showed splitting of the
metal along edge surfaces. The: intensity of the splitting action was
more severe on the solution-exposed specimens than on the vapor-exposed
specimens. .

!

No cracks were found on solution- and vapor-exposed specimens of as-re-
ceived Elgiloy during 1524 hr in distilled water at 300°C nor on solu-
tion- and vapor-exposed specimens of annealed Elgiloy during 1524 hr at
300°C in the uranyl sulfate solution. Corrosion attack on the alloy by
both environments was uniform. The intensity of the attack by the solu-
tion phese in the distilled water was very mild, O.l1 mpy; the vaper-ex-
posed specimen exhibited a slight weight gain. Corrosion rates for the
uranyl sulfete solution were considerably higher - 4.9 mpy in the solu-
tion and 1.0 mpy in the vapor. It was of interest to note that the cor-
rosion resistance of anrealed Elgiloy was only one-half as good as the
corrosion resistance of the hardened Elgiloy in the solution phase of
the uranyl sulfate. This observed behavior was in agreement with pub-
lished information c?m8§ring the general corrosion resistance of annealed

and hardened Elgiloy 2

Further corresion studies with Elgiloy will be dependent upon whether or
not the alloy mey be successfully used as a spring material in the an-
nealed conditiom. . In this comdition, tests to date have indicated that
the alloy is- not subject to stress-corresion cracking by uranyl sulfate
solution at elevated temperature.

Corrésidn of Various Materials by 4 M Sulfuric Acid Solution:

Corrosion tests have been continued with a pumber of materials of possi- {
ble interest for the ERT chemical processing plant in 4 M HoSOy Yitg and
without the addition of simulated fission and corrosion products

With the decision to use stabilized -Carpenter 20 stainless steel for fab-
rication of a number of components such as tanks, pumps, valves, etc. for
the chemical processing plant, most of the corrosion studies during the
past quarter have been concerned with an examination of the cotrresion be=~
havior of Carpenter 20-Cb specimens cut from the materials being used in
the actual fabrication of the above components: The environment selected
for the testing of Carpenter-20 was boiling and oxygenated k4 M H,S0), solu-
tion containing simulated fission and corresion product additions. In the
next few paragraphs, the results obtained with Carpenter-20 stainless steel
representative of the material used in the HRT chemical processing plant
will be discussed. ‘

UNCLASSIFIED
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Duplicate specimens from 2-1/4 and 3-1/4-in. square bars of Carpenter 20-
Cb stainless steel were used. Single specimens of Carpenter 20-Cb pipe
and pipe welded to type 347 stainless steel with Carpenter 20-Cb weld

rod were exposed also. The average corrosion rates are reported in Table
XI. The corrosion rates were determined from the weight loss on the du-
plicate specimens during the entire period of the test. All of the spec-
imens with the exception of the two pipe sections were prepared for test
by polishing with 80 and 120 grit papers. Only the ends of the pipe sec-
tion were given similar treatment. The specimens were immersed in acetone
and in alcohol, dried, and weighed. :

The data reported in Table XI are for boiling and oxygenated 4 M HoSO)
solution to which the following salts were added: Zr(SOu) )y 56_g§§
Fep(S0y)3, 75 g/l, Crp(s0y)3, 24 g/1; Ru(Soy),, 0.4 g/1; UO »S0y, 28 g/1;
and CuSOu, 1.5 g/1. %he specimen identification was supplied by the
Chemical Technology Division.

TABLE XI

Corrosion of Carpenter 20-Cb Steinless Steel
in 4 M HpS0) Solution Containing Simulated

Fission &nd Corrosion Products -

Temperature - Boiling (111°C) Atmos - Oxygen

_Specimen Original _ Totai Corrosion Rate

Identification Material Description . Hr _(mpy)
B -2 1/4-1in. square bar. - 214 7.5
o 3 1/4-1in. square bar 214 32
‘ 3 1/k-in. square bar 214 3.3
P 2 1/h-in. square bar 214 3.1
M 2 1/4-1in. square bar 214 2.8
Welded joint of Carpenter 20-Cb
and type 347 S5 266 20.4

All of the specimens with the exception of. the welded pipe joint and the
specimen B (machined from 2 1/4-in. square bar) showed a uniform corrosion
attack. The surfaces of the specimens were covered with a thin, blue-

,white colored £ilm. No cracks were noted at locally-stressed areas such

as stamped identification numbers, . sharp corners, etc. The observed cor-
rosion rates were either decreasing slightly or remaining constant with
time.

The welded pipe Joint was 3/4-in. sch 4O Carpenter 20-Cb stainless steel
pipe welded with ‘Carpenter. 20-Cb rod to type 347 stainless steel pipe of
comparable size. The circumferential veld metal exhibited crater ‘corro-
sion attack at several sites. The longitudinal weld in the: -Carpénter 20-

Cb pipe showed a prominent knife-line attack in the base metal. immediately

adgacent to the weld. The weld metal also exhibited a narrow band of high-
ly-localized corrosion attack extending along the center of the Weld. The

observed corrosion rate, 20.4 mpy for 266 hr, ‘was decreasing with increased

exposure time.

Ilr"d 043
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One of the duplicate specimens identified as B had two deep pits on one
flat surface and cracks across an edge surface. The network of cracks
also extended onto the flat surface of the specimen. Neither pitting
Hior cracking was observed on any of the other Carpenter 20-Cb a&tainless
Bteel specimens.

In a previous report, the corrosion resistance of a number of materials in
boiling - Hésoh free of oxygen and fission and corrosion products wes
reported 30). During the past quarter, the same materials were- exposed
to boiling 4 M Hésou free of added fission and corrosion products but
through which oxygen was passed during the test. The results of the test
are presented in Table XII; the results obtained in the absence of oxygen
are presented for comparison. ‘

Graphitar-lh Zircalov 2, zirconium, and tantalum showed negligible cor-

rosion rates in both systems. Sintered aluminum oxide appeared to dem-
onstrate a higher corrosion rate in. the absence of oxygen, but it is not
certain that this is a real difference. Aluminum oxide is somewhat po-~

rous, and it is frequently difficult to dry the material to a constant

weight. Stellites 98M2 and 6 showed considerably lower corrosion rates

in the absence of oxygen then in its presence but in both cases, the cor-

rosion rates were high. Iead, T11ium-R and Hastelloy B showed unifunm corrosion
both in the presence and absence of oxygen but the lower corrosion rates

were observed in the reducing environment; the same was true for types

316 and 347 stainless steel although the corrosion rates were extremely

high in both systems. On the other hand, Carpenter 20-Cb shoved a lower
generalized corrosion rate in the presence of oxygen than in its abserice;

in both environments, stress-corrosion cracking was observed in locally ‘ ‘
stressed areas. The pipe specimen of Carpenter 20-Cb stainless steel dnm

Table XII was sectioned from a 90° 1/2-in. sch 40 elbow. Cracks and pits '
appeared in the inner and outer radii of the bend and also on the inner

surface of the longitudinsl weld in the pipe. ‘

Further testing is in progress with some of the materials listed in

Table XII in L M Hesoh at 100°F vhere corrosion should be much less
~severes -In addition, new tests with Carpenter 20-Cb stainless steel
specimens representing materials used in the fabrication of the HRT

" chemical process plant components will be started in the boiling acid
solution to which simulated fission and corgasion products haiée been added.
As it was pointed out in a previous report » the presence of the
‘fission and corrosion products in the sulfuric acid solution greatly re-
duces the general corrosion rates.of Carpenter 20-Cb and type 347 stain- -
less steel and the susceptibility of Carpénter 20-Cb to stress-corrosion’
cracking. - Tests will be carried out to determine the effect of applied
stress on the cracking of both Carpenter 20-Cb and type 347 stainless
steel in the acid solution ‘containing the added salts. . y
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Material

Aluminum oxide

Carpenter. 20-Cb
Carpenter. 20-Cb

(Pipe Bend)

. Graphitar-14

Hastelloy-B
I1lium-R

Lead

Stellite 98M2 -

Stellite 6
fantalum
347 SS

316 SS
iircaioy-Q,

Zirconium

TABLE XIT
Corrosion of Various Materials by

Boiling 4 M H,S0, .Solution at 190°C

.Hoxygén Atmosphere

Héliﬁm Atmosphere

Total  Corrosion Raté Total  Corrosion Rate
Hr _(mpy) Hr _ (mpy)
335 2.3 sk 10,0
335 13.0 524 32.0

3m 11.0 - i
335 Gain 530 . Gatn'
335 © 22,0 437" . 3392
335 38.0 437 15.0
335 8.0 436 1.0
101 2450 Lo 150
305 28,000 2.5 1100
335 < 0.1 Lho 0
3.5 117,000 45 aﬁqo
3.5 79,000 4.5 2000
335 0.1 437 0
335 0.1 437 0

“e8 045
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