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ABSTRACT

An investigation of the materials for use in the water-moderated
and cooled Army Packege Power Reactor (APPR) operating at about 500° F
was made. The availsble literature was analysed, and the results of
the different investigators were compared and averaged.

Twenty different materials, including stainless steels, nickel al-
loys, Stellites and others, were investigated from the point of view of
physical properties, susceptibility to radiation damege, and corrosion
resistance.

Corrosion rates were established for all the materials under various
conditions, such as irradiation, flow, weld, stress, and various water
conditions. Type-304 stainless steel was selected as the basic structur-
al material. Operating conditions, to maintain minimum corrosion, were

established also.
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1.00 INTRODUCTION

1.10 Basis for Material Selection

In the development of power production equipment often the quality
of the materials available has limited the range and efficiency of the
equipment produced.

A material investigation was underteken for the Army Package Power
Reactor so that the materials and the operating conditions of the reactor
could be established early.

The material requirements for a water-cooled and water-moderated re-
actor as compared with the needs of either the chemical industry with 1its
high corrosion rates, on one hand, or the aircraft industry with its high
temperature requirements, on the other, are not very stringent. The ur-
gency, however, that proper materials be selected is based on the unique
combination of the following circumstances:

a. The materials must have the proper physical properties to

Perform their function over long period of maintenance
free periods of time.

b. The materials must perform satisfactorily under irradiation

and in contact with transport materials which have been ir-

radiated.

¢c. The materials must withstand the corrosive action of contact
with, and submersion in, water between 450° F and 550° F.

The need for the basic data, to permit the selection of materials,
to meet the sbove requirements, was first felt for_the submarine reactor
in 1948 and as a consequence, an extensive experimental ivestigation was
launched at various research centers, including Osk Ridge, Hanford,
Babcock and Wilcox, Westinghouse, General Electric, Battelle Memorial

Institute, and others.
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It was felt that if this information, in turn, could be tabulated
and integrated with other known corrosion data, and then analysed, the
following could be accomplished for the Army Package Power Reactor:

a. Eliminate the need for a basic experimental research on ma-
terials and so keep the development costs on the package re-
actor to a minimum,

b. Arrive at proper materials to give trouble-free operation for
a minimum of three to five years, on the readily accessible
equipment, and to give lifetime operation for the remainder
of the equipment.

¢. Arrive at the proper operating conditions to enable (b) to be
realized.

Accordingly, the literature was carefully combed, symposla were at-
tended, and discussions held with men engaged in current material testing.
The criteris which were used in determining the suitability of the mate-
rials for a reactor were the physical properties, the effect of irradiation
on the physical properties, and the corrosion of the materials.

The smount of effort which was expended on each criteria was based
upon the availability of accurate information and the amount of proof
necessary to establish tenable conclusions concerning the information.

On the above basis the corrosion resistance of a material was found
to be the most important single factor upon which any selection ought to
depend. Consequently, much corrosion data were gathered. These data have
been tebulated and appear at the end of the report (Appendix C). The data

was further averaged and condensed until a single corrosion rate for each

material was obtained.
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1.20 Materials Selected

The package power reactor plant is composed of two basic components
- the reactor itself with its primary loop, and the power plant with its
assoclated equipment; the latter might be considered a secondary loop.
This report is mainly concerned with the primary loop, since this loop
handles the potentially radiocactive liquids and is consequently the most
probable source of trouble. The selection of materials for the secondary
or steam cycle loop can be handled in th€ same manner as would any con-
ventional steam turbine plant.

On the basis of the materials selected for testing at the various
atomic research centers and on the basis of the general physical and cor-
rosion resistant properties of the materials, the evaluation was confined

to the following materials:

Graphitar-14 304kL SS
Hastelloy-C 316 ss

Inconel 322W S8

Inconel-X 347 88

Monel k10 ss

K-Monel Lhoc ss

A-Nickel Stellite-3

Armco 17-4 PH Stellite-6

Armeco 17-7 PH Stellite-12

304 SS : Vascoloy-Ramet 166

As a result of the study, stainless steel AISI 304k was selected as
the bagic material to be used except in certain special instances. Most
of the reactor loops and corrosion loops to date employed 347 SS as the
basic corrosion resistant material. The state has been féached in reactor
technology where it is becoming more important to select an optimum mate-

rial rather than just the "best" material. The selection of such an
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optimum material is a function of the ability of the material to perform

what is required of it based on lowest cost, availasbility, control, etc.

Since 347 SS costs more (about 25%), contains the strategic material co-

lumbium, and is oﬁly slightly better, under some conditions, than 304 sS,

it is felt that the selection of 304 SS is justified. This is particular-

ly true since some of the fears concerning 304 SS which were prevalent

have been dispelled by the findings of this investigation.

The suggested materials for the major loop components, including

304 SS, are as follows:

1.

Reactor Vessel

304k SS clad to A.S.M.E. Type SA 212 Grade B fire box quality
steel. Gasket - dead soft nickel or Monel. Studs - 304 SS;
nuts - 303 SS

Piping
30k SS

Fuel elements

Cladding - 304 SS or 304L; matrix - 304 SS or 304L sintered
with suitable fuel

Control Mechanisms

Rack and gear 440C SS Cr plate rack

Seel - discs Stellite-3; diaphragm - K-Monel
Shaft - Armco 17-4 PH or 440C chrome-plated
Bearing - rollers and races - Stellite-3
Retainers - Armco 17-4 PH

Springs - Inconel-X or Elgiloy

Heat Exchanger

Tubes and headers - 304 SS




6. Pumps

Canned rotor _

Frame, block, and position indicator - 347 SS or 304 S8
Bearing carrier and bracket - 304 SS '

Shaft - 410 SS or 440C chrome-plated

Lamination ring - Monel

T. Valves - gate

Body - 347 SS or 304 Stellite-3 runners
Gate - SS 17-4 PH

8. Valves - check

Body - 347 SS or 304 SS ;
Pin - Stellite-3 ye
Facing - Stellite-3 ///

/s

It should be noted that the AISI 30k stainless steel can Ye substi-

tuted by types 304L, 309, 316, 321, or 347 SS, if it is found propitious

to do so.
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2.00 PHYSICAL PROPERTIES CF REACTOR MATERIALS

The physical properties of the materials of construction are the
first criteria upon which to base the selection of any material. Since
it was not the purpose of this report to attempt any detailed' design of
the reactor, it was considered sufficient to examine enough materials of
varying characteristics so that any physical property, such as hardness,
ductility, stremgth, etec., could be obtained by proper selection from the
group listed. The analysis of the materials of comstruction, in light of
their physicael properties, was limited therefore to an investligation of
underwater bearing materials since information on such applications was

not normally available elsewhere.

2.10 Wear Tests and Factors

Wear tests were cvonducted on various materials by Argonne on the
Falex machine which rotates a pin against a V-block. Some of the more

favorable combinations are listed in Tables I and II.




TABLE I: WEAR RATES AND FRICTION COEFFICIENTS OF MATERIALS AS

DETERMINED ON FALEX MACHINE (ONE-HOUR RuNs) (33,6,

Material

Pin, Stellite-6
V-block, Stellite-6

Pin, Stellite-6
V-Block, Stellite-6

Pin, Cr plate USS/W
V-Block, Stellite-6

Pin, Cr plate USS/W
V-Block, Stellite-6

Pin, Cr plate USS/W
V-Block, Stellite-6

Pin, Stellite-6
V-Block, 347 SS

Pin, Stellite-3
V-Block, USS/W

Pin, 347 Cr plate (0.0005)
V-Block USS/W

Herdness

Rc Lk
Re 42

Rc 44
Re 22

R15,N86
Re 41

R15,N86
Rc b1

R15,N86
Re 41

Rc 41
Re 13

Re 53
Rec 46

Water at 500° F

Pressure
Wear QSﬁ
0 728
0.0002
0.0001 2420
0.0001
0.0001 . 389
0.0001
0.0001 707
0.0001
0.0001 2380
0.0003
0.0001 342
0.0009
None 398
0.0005
None 715
0.0003

8)’

Appearance

Burnished
Smooth

Scratched
Some Score

Smooth Wear
Fine Scratch

Smooth Wear
Fine Scratch

Smooth Wear
Smooth Wear

Fine Scratch
Deep Scratch

Burnished
Deep Scratch

Fine Scratch
Smooth Wear

Apparent

Coefficient
of Friction

0.28

0.21

0.42

0.28

0.20

0.71

0.71

0.37
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From other tests run on the Falex machine the combinations which
showed wear of 0.0005 or less and an apparent friction coefficient of

0.4 or less are listed in Teble II.

(6,7,8
TABLE II: LOW WEAR AND LOW FRICTION COMBINATIONS 7 )

Water at 500° F

Pin Hardness V-Block Hardness
Stellite-6 Re 40 vs Vascoloy-Ramet 166 Re 55
Stellite-3 Re U5 v8 Vascoloy-Ramet 166 Re 54
Vascoloy-Ramet 166 Re 43 vs  Stellite-3 Re 52
Ss 410 HT Re 37 vs Stellite-3 Re 49
Stellite-21 Re 33 ve Stellite-21 Re 21
347 ss R15,NT1 vs Stellite-6 - Re 39
Stellite-12 Re 4o v8 Stellite-6 Re 30
USS/W PH R15,8N86 vs Stellite-6 Re k1
Stellite-6 Re 43 ve Bachrach Alloy Re 55
Stellite-3 Re 53 ve SS 4hoc HT Re 52
SS 347 cP R15,N73 vs Stellite-6 Re 43
Armco 17-4 CP R15,N8%  vs Stellite-6 Re 40

Westinghouse has run wear tests and has evolved a wear factor based
on loads pér million cycles. Many of the combinations which are of pos-

sible interest are listéd in Table ITT.




TABLE III:

=9~

WEAR FACTORS AT 500° F IN WATER(llz)

Weight Loss in Milligrams per Pound Load per Million Cycles

P-C = Piston and Cylinder J-8 = Journal and Shaft

Oxygenated Hydrogenated

Materials P-C J=-S P-C J=S

17-4 PH vs 17-4 PH 460

17-4 PH ve 17-4 PH, Cr plate, honed 20 13

USS 322W PH vs 322 PH 470

USS 322W PH vs 304 SS or 347 S8 1040

USS 322W PH vs 17-4 PH Cr plate 21

304 8S or 34T vs 17-4 PH 475

30k Ss or 347 vs USS 322W 880

304 SS or 347 vs 17-4 PH Cr plate, honed 65

304 85 or 34T vs 304 SS or 347 3200

17-k Cr plate vs 17-4 PH 7.8

17-b Cr plate Vs USS 322W PH b7

Stellite-3 vs 17-4 PH 150 g 25 1.4

Stellite-3 vs USS 322W PH 130 310 11

Stellite-3 vs 17-4, Cr plate, honed 8.3 6.1 0.3 8.5

Stellite-6 vs 17-4 PH 62 320 100

Stellite-6 vs 17-4 PH Cr plate, honed 65 2b

Haynes 21 PH vs 17-4 PH 25

Heynes 21 PH vs 17-4 PH Cr plate 80

S-Monel vs USS 322W PH 340 970

S-Monel vs 304 or 347 SS 420 180 350

S-Monel vs 17-4 PH Cr plate k20 2

L4OC SS vs USS 322W PH 59

44oc ss vs 17-4 PH Cr plate, honed 92 L7

Lead vs 304 SS or 347 SS 2730 4.1

USS 322WPH vs Stellite-3 220 136

17-4 PH nitrided vs 17-4 PH Cr plate 4o

17-4 PH Cr plate, honed vs Stellite-3 37

17-4 PH Cr plate, honed vs Stellite-6 Th 50

17-4 PH Cr plate, honed vs KR Monel PH 81 1.1
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Oxygenated
Materials P-C J-S
Stellite-3 vs Stellite-3 T1
Stellite-3 vs Stellite-6 59
Stellite-3 vs Stellite-12 155
Stellite-3 vs KR Monel PH 170
Wall Colmonol-6 vs Stellite-3 61
Stellite-3 ve 410 ss 16 1ko
Stellite-3 vs Graphitar-lh
410 ss vs 410 SS 380
416 ss vs 416 ss 165

Nitrided CrC, vs Nitrided Crci 0.0
Nitrided l7-§ PH vs Nitrided 17-4 PH 9.9

Hydrogenated
P-C , _J-S
3k
31
60
43 ‘
145
kg
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2.20 Radiation Effect on Physical Properties

The study of radiation damage on materials of construction was in-
vestigated extensively at many of the national laboratories. These
studies included an investigation of the effect of irradiation on such
physical properties as hardness, tensile strength, elongation, ductility,
creep strength, and density changes(ll’6’57).

The effect of irradiation upon the hardness of the materials se-
lected was investigated at Oask Ridge, Hanford, NRX (Chalk River) end

Brookhaven with the results as shown in Table IV.




TABLE IV:

Material

304 SS annealed
347 SS annealed
440C S5 hardened
L4LOC SS hardened
USS/W hardened
17-4 annealed
17-4 hardened
17-7 hardened
Hastelloy-C
Stellite-3, cast
A-Nickel

Monel

K-Monel

EFFECT (F IRRADIATION ON HARDNESS OF MATERIALS(2l11,6,96,69)

Hardness-Rockwell

Before After
B72-T76 BT2-T6
B89-90 B81-90
ATS ATT-T9
C54-55 €53-55
ck8-49 cl7-49
C33-35 ck8-52
AT3 AT
C50-51 cl5-50
C16-20  C15-20
" ATT-T8  AT8-T9
F64-68 F82-91
BBl BYS5
c2k-28 c25-28

Facility
CRNL

Hanford
Hanford
NRX
NRX
Hanford
Hanford
Hanford
Brookhaven
Hanford
ORI,
Hanford

Hanford

Irradiation
nvtx1019 Time Temp
Thermal  Fast  (hours) (°F)
1 - 32k0 500
30 - 2065 540
ﬁ 5 1800 540
37 ol 3000 70
37 o1 3000 70
L - ielele] 540
3 - 2065 540
ﬂ - 4000 540
4.8 - - 270
1.3 - - 70-140
1 - 1800 500
4 5 1080 70-140
4 - 2880 540

-z‘[ -
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In most instances the hardness increased, the nickel-base alloys
showing the greatest increase. It is generally believed that the hard-
ness increase was induced by the neutron bombardment. It was shown in
other tests run on the 60-inch cyclotron at the University of California(7o)
that the hardness of 347 SS could be increased (Fig. 1) and then annealed
back to about its original hardness by heat treatment.

The welds and the heat-affected zones associated with welds, upon

irradiation, showed hardness increases similar to thosé of the parent
metal.

The effect of irradiation on the tensile properties is generally to
alter these properties in the same manner that cold working will. Tensile

samples irradiated at Oak Ridge were compared with non-irradiated samples

as shown in Table V.




TABLE V: EFFECT OF IRRADIATION ON TENSILE PROPERTIES OF STAINLESS sTEELS(23,11,6)

Type

304 irradiated
304 non-irradiated
30k non;irradiated
309 irradiated
309 non-irradiated
316 irradiated
316 non-irradiated
347 irradiated

347 non-irradiated

Ultimate Strength

(psi)
92,000
95,000
92,500
99,000
95,000
89,500
90,000

103,000

99,000

at 1 x 10%7 nvt slow, 3200 hours, 400°-500° F.

Yield 0.2% Offset Elongation
(psi) (%)
43,500 58.5
48,500 k1.0
Lk ,000 70.8
43,500 51.0
38,500 54.0
36,500 66.5
35,000 70.0
42,500 54.5
37,500 56.6

-—f"[-
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Other tensile specimens run at Chalk River and Hanford showed the

changes upon irradiastion as listed in Table VI.

TABLE VI: EFFECT OF IRRADIATION ON TENSILE PROPERTTES'‘176)
Ultimate Tensile Yield 0.2% Offset

Materisal Non-irrad. Irrad. Non-irrad. Irrad.
316 SS armealed”™ 79,500 151,000
Uss/w" 113,000 13k,500
LhoC SS herdened 199,000 240,000 185,000 205,000
44OC SS hardened’ * 211,000 20,000 185,000 200,000
* 3000 hours 3.7 x lO20 nvt slow, 5.1 x 1020 nvt fast, 75° F

Chalk River
** 1800 hours, 4 x 10% nvt slow, 5 x 1019 nvt fast, Hanford
Nickel-based alloys likewise showed improvement in tensile strength
upon irradiation, see Teble VII.

TABLE VII: EFFECT CF IRRADIATION ON TENSILE PROPERTIES
OF NICKEL-BASE ALLOYs(11,6,8)

Ultimate Strength, psi Elongation in 2", %
Material Non-irrad. Irrad. Non-irrad. Irrad.
Monel unnotched 85,000 96,000 33 10
Monel notched 129,000 ———— - --
K-Monel unnotched 123,000 134,000 11 3
K-Monel notched 211,000 226,000 - -
Inconel unnotched 106,000 116,000 31 29
Inconel-X unnotched 126,000 133,000 20 12

Inconel-X notched 17k,000 203,000 -- --
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Tests on springs made of various materials showed minor decreases in
free length and some changes in spring constants due to irradiation as
shown in Table IX.

The effect of irradiation on the density and the dimensions of most
materials was found to be small and often within the measurement error.

The results of a typical density investigation are given in Table VIII.

TABLE VIII: EFFECT OF IRRADIATION ON DENSITY OF STRUCTURAL MATERIALS(Zl)

Exposure 2 x 1020 nvt slow, 3.5 x 10°9 nvt fast

Average Density g/cc Aversge Change
Post-irrad.

Group Materials Pre-irrad. Difference (%)
Stainless Steels:

1 316 7.995 -0.005 + 0.002 -0.06

) 2 347 7.938 -0.007 + 0.002 -0.09

3 347 + Ta 7.942 -0.003 + 0.001 -0.0k

L 410 7.675 -0.00k * 0.001 -0.05
Nickel Base Alloy:

5 A-Nickel 8.894 -0.006 * 0.002 -0.07

6 Monel 8.836 -0.00k £ 0.003 -0.07
Cobalt Base Alloy:

7 Stellite-3 8.550 0.005 * 0.002 0.06

8 Stellite-6 8.330 0.009 *+ 0.001 0.011

Carbon Steel:

+

9 ASME-SA-212 7.850 0 * 0.003 0




TABLE IX: (11)

EFFECT (OF IRRADIATION ON CBHANGES IN SPRING MEASUREMENTS
Loaded at 55,000 psi

0.058" Diemeter wire 0.350" 0.D. x 0.200 x 3" L (~.)

Change in Free Length Change in Compressed lLength

(in./3 in.) under Original Load (in.) Irrad.
Material Irradiated Unirrediated Irradiated Unirraediated (nvt)
Tentaloy -0.018 to -0.023 0.001 to 0.006 -0.013 to -0.032 0.002 to -0.002 A
Eligiloy -0.120 to -0.126  -0.006 to -0.025 -0.112 to -0.113 0.005 to -0.006 A
Monel -0.103 to -0.115 0.007 to -0.007 -0.078 to -0.081 0.005 to -0.002 A
Inconel =-0.020 - ——— —— c
Inconel-X -0.002 ———— ———- -——— c
Beryllium Cu -0.277 -0.002 to -0.001 -0.267 to -0.011 0.001 to -0.004 B
Loaded 45,000 psi
K-Monel -0.165 to ~0.169  ~0.005 to -0.001 -0.149 to -0.170 0.005 to -0.002 B
Type 302 SS -0.01% to -0.102  -0.006 to -0.030 -0.088 to -0.091 -0.001 to -0.009 A
Type 347 88 -0.028 -0.033 to -0.096 c
Type 347 SS -0.026 to -0.038 D

A -4 x 109 slow, 6 x 1042 fest, Hanford

B - 5 x 10°2 slow, 8 x 10% fest, Hanford

C-5x 1019

slow, b x 1049 fast, Hanford

D - 5 x 1070 slow at 450-500° F, Oak Ridge

—9‘[ -




-19-

Changes in electrical resistivity and magnetic suscepfibility were
found also to be slight with some tendency towards increased values.

Creep tests specimens of stainless steel 347, loaded at 10,000,
15,000, 20,000, and 25,000 psi were irradiated for nine months at Hanford

at 1 x 10'7 nvt slow and 1.5 x 10%°

nvt fast. All changes were within
the experimental error. Other tests at ORNL indicate that irradiation
may increase the creep rate somevhat.

The effect of irradiation on fatigue strength of various materials

is shown in Table X.




TABLE X: EFFECT OF IRRADIATION ON FATIGUE STRENGTH OF MATERIALS(31)

Tested without Failure 10,000,000 cycles

Fatigue Endurance Limit Notch Effect
(psi) Change percent Ratio

Material Unnotched Notched Unnotched Notched (kf)
ASME-SA-212 Boller Steel

Unirradiatgd 48,000 28,000 -10 +25 1.7

Irradiated’ 42,000 35,000 1.2
Type L4OC SS hardened

Unirradiated 76,000 45,000 -10 -30 1.7

Irradiated® 70,000 32,000 2.2
Type 410 SS Malcomized

Unirradiated 40,000 43,000 20 30 0.9

Irradiated 48,000 56,000 0.9
Type 304 SS as rec'd

Unirradiated 50,000 20,000 0 5 2.k

Irradiated 50,000 21,500 2.3

¥ Trrodiated ot Hanford, dry ot T0-150° F &% B x 1019 nvt slow and 1 x 10™2 nvt fast

*#* Notch effect kp = %gngtghed

-Oz_
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In the package reactor it 1s proposed that the pressure vessel be
constructed of ASME-SA-212 Grade B firebox quality steel and clad with
30k SS; the same materials were used in the STR. Irradiation results

of this material follow in Table XI.

TABLE XI: EFFECT CF IRRADIATION ON REACTOR PRESSURE VESSEL MATERIAL(ll)

SA-212 Grade B Firebox Quality Irradjated at Hanford
at 5 x 1019 nvt slow, 4 x 1017 nvt fast

Hardness Rockwell B

Material Before After
Parent metal B75 B89
Weld B65 B89
Yield (psi) Ultimate (psi) Elongation (%)
Before After Before After Before After
Weld only 43,500 71,000 62,500 75,000 1k 6.8
Unnotched 42,000 70,000 64,000 8,960 0 -—
Notched 124,000 141,000 19.2 1.5

Specimens of this same material seam welded with E6010 rod and
stressed relieved at 620° C were exposed at 4 x 1019 nvt. The samples
showed an increase in hardness from 40 to 47 Rockwell A; 63% increase
in yield strength, a 20% increase in ultimate, and a decrease in elon-
gation at rupture of 17% to 1u%.

The effect of irradiation on fuel elements, particularly hardness

changes, is treated under the fuel element section later in the report.
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3.00 CORROSION OF REACTOR MATERIALS

3.10 Corrosion Rates

The corrosion behavior of about 1000 specimens of the selected
maeterials was evaluated. Some of the more widely used materials had
as many as 150 representative specimens. Individual charts of the
various meterials were made. The test conditions snd the corrosion
rates were listed and are included in the report as Appendix C.

These results are sumarized under varying conditions in Tables
XTT through XV, and finally summarized into an over-all corrosion

rate appearing in Table XVI.




Material

30k S8

304L SS

347 ss

316 sS

17-4 PH
17-7 PH
khoc ss

410 ss
Monel
K-Monel
Inconel
Inconel-X
Hastelloy-C
A-fFickel
Vascoloy-Ramet 166
Stellite-3

Stellite-6
Stellite-12

322W S8
Graphitar-1h4

TABLE XII:

LY

AVERAGE CORROSION RATES IN VARIOUS ENVIRONMENTS

(ug/cm?-mo)

Water at 400° F to 600° F

With Oxygen With Hydrogen Degassed With Alkali Irradiated
Samples Rate Samples Rate Samples Rate Samples Rate Samples Rate

48 0.0k4 57 0.03 11 0.09 27 0.03 1 0.02

32 0.07 27 0.03 6 0.07

Ly 0.09 78 0.0k 3 0.04 1k 0.08

63 0.08 24 0.02 14 0.11 18 0.0k

38 0.09 33 0.17 13 0.27 4 0.05
29 0.11 8 0.38 15 0.19 9 0.16
28 0.41 9 0.66 9 0.41 6 0.48

27 0.63 10 0.52 9 0.23

18 1.10 7 0.03 6 0.37 8 0.08 2 0.50

37 0.27 1k 0.0k 15 0.08 15 0.08
51 0.31 39 0.01 11 0.02 1 0.11
8 0.70 16 0.03 L 0.0k4 3 0.03 1s 0.15
4 0.22 3 0.03 2 0.18
16 0.27 6 0.02 3 0.19 3 2 0.10
7 1.04 2 0.11
7 0.11 5 0.0k4 3 0+58 10 0.11
8 20.60

20 0.17 L 0.19 3 0.05 3 0.13
21 12.13 .

12 0.18 TG I 088 S
26 0.60 9 0.15 5 0.28 10 0.05
5 6.40 3 3.84 .

-Ez_




Material

304 S8

304L S8

347 88

316 S8

17-4 PH
17-7 PH
4hoc ss

410 88
Monel
K-Monel
Inconel
Inconel-X
Hastelloy-C
A-Nickel
Vascoloy-Ramet 166
Stellite-3
Stellite-6
Stellite-12
322W SS
Graphitar-1h

TABLE XIII: AVERAGE CORROSION,RATES AT VARIOUS FLOW RATES
(mg/cm”-mo)
Water at L400° F to 600° F
Fluid Flow Fluid Flow Fluid Flow Fluild Flow
0.01 fps 10 fps 20 fps 30 fps In Autoclave
Samples  Rate Samples Rate Samples Rate Samples Rate Samples  Rate
46 0.03 11 0.03 12 0.04 52 0.05 19 0.02
2k 0.0h4 31 0.06
0.0k 9 0.038 10 0.02 63 0.07 32 0.06
43 0.03 3 0.03 e} 0.12
11 0.12 1 0.02 32 0.22 23 0.12
15 0.08 15 0.30 14 0.15
8 0.29
T 0.1h4 2 0.23 11 0.26
12 0.46 14 1.46
26 0.16 22 0.20
29 0.06 3 1.20 5 0.052 4s 0.12
7 0.07 15 0.37
8 0.13 8 0.15
2 0.11
6 0.20 6 26.84
2 0.07 5 0.19 20 0.10
13 0.18
21 0.07 19 0.17

..-;-!84.




Material

304 88

304L S8

347 88

316 sS

17-4 PH
17-7 PH
khoc ss

410 ss
Monel
K-Monel
Inconel
Inconel-X
Hastelloy-C
A-Nickel
Vascoloy-Ramet 166
Stedlite-3
Stellite-6
Stellite-12
322W SS
Graphitar-14

TABLE XIV: AVERAGE CORROSION RATES AFTER VARIOUS TREATMENTS
(mg/cm-mo)
Water at 400° F to 600° F
Quenched
As Welded at 1900° Machined Vapor-Blasted Hardened Annealed
Samples Rate Samples Rate Samples Rate Samples Rate Samples Rate Samples Rate
20 0.03 10 0.02 12 0.06
3 0.05 10 0.17
28 0.17 27 0.07 Ly 0.54 5 0.15
14 0.05 12 0.04 4 0.01 20 0.21
L 0.07 29 0.14
19 0.09
16 0.k2
10 0.58 10 1.10
14 0.34 21 0.09
6 0.15 1 0.07 6 0.19
4 0.21
9 0.12
L 0.02 12 0.06

-G~




Material

304 S8

30LL SS

347 88

316 S8

17-4 PH
17-7 PH
khoc ss

k10 ss
Monel
K-~Monel
Inconel
Inconel-X
Hastelloy-C
A-Nickel
Vascoloy-Ramet
Stellite-3
Stellite-6
Stellite-12
322W SS
Graphitar-1h

TABLE XV: AVERAGE CORROSION _RATES FOR VARIOUS FINISHES
(mg/em®-mo)
Water at 400° F to 600° F
Chrome Tensile
Polished Plated Malcomized 10,000 psi Ground ‘Sensitized
Samples Rate Samples Rate Samples Rate Samples Rate Samples Rate Samples Rate
8 0.01 8 0.19 12 0.05
10 0.47 1 0.01
6 0.0k 6 0.16
9 0.16
16 0.53
1 0.32 . 9 0.75
2 0.1c 1l 0.01
2 0.18
1 0.07
166
9 0.12
v -
T k.10 2 0.11
6 6.75

..98 -




Material

30k 88
30kL 88
347 s8
316 ss
17-4 PH
17-7 PH
Lhoc ss
410 ss
Monel
K-Monel

‘Inconel

TABLE XVI:

Hastelloy-C

Inconel-X

A-Nickel

Vascoloy-Ramet 166

Stellite-
Stellite-
Stellite-
322¥W SS

Graphiter

3
6

12

-14
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GRAND AVERAGE CORROSION RATES FOR CONDITIONS

OF TABLES XII THROUGH XV

In water 4OO° F to 600° F

Number of Samples
Aversged

116
66
122

101

52
L6

37
31
41

28

27

12
2k
13
Lo

Malcomized samples not included

Corrosion Rate
(mg/cm?-mo)

0.0k
0.05
0.05
0.07
0.1k
0.17
0.45
0.60
0.77
0.25
0.20
0.14
0.22
0.18
1.0k
0.08
0.17
0.18
0.46
h.ho

(no 02)

(no 0,)
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3.20 Factors Affecting Corrosion

Of the three reactor material selection criteria, the corrosion re-
sistance of the material is the most important; the major effort on ma-
terials at AEC installations was directed toward corrosion evaluation.
Corrosion is of concern for the following reasons:

a. Corrosion may break down protective clads and coatings, such as
the stainless steel cladding on the fuel elements and the chrome
plate on other components.

b. Corrosion will damage and shorten the life of moving mechanisums,
such as the control rod drives and the break-down seals.

¢c. Corrosion may form films on heat trensfer surfaces to reduce
their efficiency.

d. Corrosion may form solid transport materials which may clog pas-
sages, hinder operation of fine mechanisms, and differentlally
coat heat transfer systems to lower the heat transfer efficiency.

e. Corrosion may cause leaks in the high-pressure closed-primary
loop.

Although the mechanism of corrosion is generally accepted as an
electrochemical process, it is agreed that many variables affect and are
in turn affected by the continually changing equilibrium of the corrosion
process.

After both a study of the test methods and an analysis of the results
determined were made, the various corrosion influences were segregated in-

to the following factors:
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1. Effect of dissolved gases (0o, H,, CO,, Np, degassed).

2. Effect of welding, heat treatment, and sensitizing.

3. Effect of fluid flow, including transfer of corrosion products.

L. Effect of irrediation of materials.

5. Effect of irradiation of water on gases in solution and on
corrosion of materials in the water.

6. Effect of water purity.

7. Effect of stress.

8. Effect of pH.

9. Effect of inhibitors and additives.

10. Effect of crevices and galvanic couples.

1l. Effect of surface finish.

12. Effect of acid cleaning’ and passivation.

13. Effect of added poisons.

The evaluation of these effects constitutes the main basis for the
corrosion section of the report to follow.

The corrosion behavior of about 1000 specimens of the selected ma-
terials was evaluated. Individuel charts of the various materials were
made; the test conditions and the corrosion rates were listed (Appendix C)
s0 that many of the above effects of the variable conditions could be
substantiated with actual corrosion figures.

The results of the tabulation are summarized in Tables XIT through
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3.201 Effect of Dissolved Gases on Corrosion

The presence of dissolved gases in water has long been known to af-
fect the corrosiveness of the water. Oxygen, nitrogen, carbon dioxide,
and hydrogen are normally dissolved in waters obtained from natural
sources.

Oxygen and nitrogen are dissolved mostly from the atmosphere. Some
of the carbon dioxide is absorbed from the atmosphere, and the remainder
obtained from the decompositions of plant and animal life in the water.
Hydrogen is probably dissolved from decaying vegetation and is normally
present in the water in an non-ionic state to a very small extent. Both
the hydrogen and the oxygen in a reactor coolant loop may be augmented by
the dissociation of the water caused by irradiation.

Much of the experimental corrosion testing concerned itself with the
precise evaluation of the effects of varying quantities of these gases
upon corrosion. Of these,the studies of the effect of both hydrogen and
oxygen in water, were most significant.

Since most of the products of corrosion are oxides, oxygen is sus-
pected to be the principal corrosive agent. Conversely, since hydrogen
is an effective depolarizing sgent, its presence should inhibit corro-
sion. An analysis of data tabulated from many corrosion tests shows that
some such general effect 1ls apparent.

The summary of the tasbulations appears in Table XII. The values are
gross averages in which a large number of samples are employed in order

to average out any peculiar results which may be caused by the different

techniques of the various investigators. A qualitative evaluation of the
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effect of hydrogen and oxygen on the corrosion of sundry materials was
made also at Argonne and is shown in Teble IXII. 1In general, the re-
sults show that the austenitic stainless steels resist corrosion almost
equally well in either medium. The other materials almost always show
good corrosion resistance in hydrogenated water. The corrosion rates of
the materials, other than the austenitic stainless steels, show a varia-
tion depending upon the pearticular investigation. Most results show s
fair corrosion rate for these materials in oxygenated water. Tests at
ORNL, however, produced extremely high corrosion rates for the Stellites
and for chrome plate, and tests at the Naval Engineering Experimental
Station produced high corrosion rates for the high nickel alloys in oxy-
genated water.

Crevice Corrosion. The corrosion of materials which occurs in close

fitting places is potentially serious in systems which contain precision
moving parts since the presence of the corrosion products will tend to
bind and score the close fitting surfaces of the mechanism. Such binding
will take place particularly in machinery which is left idle for periods
of time, such as in the control-rod drives. Investigations conducted at
Battelle indicate that the presence of oxygen in water promotes the for-
mation of corrosion products at crevices of materisls immersed in this
water.

In tests run at Battelle, stainless steel 347 was combined with stain-
less steel 410 and immersed in 600° F degassed water. The crevices be-
tween the two materials were made 0.0005, 0.001, and 0.005. After six

months no seizing between the two materials was evident. The experiment
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was repeated under the same conditions except that 60 cc oxygen/L of
water was added. Again no seizing occurred after the same period of
time although more rust was appsrent. In experiments run at 600° F and
300 cc oxygen/L of water, however, couples of the following materials

with 0.0005" clearance, after eight weeks, showed the results given in

Table XVII.
(41)
TABLE XVII: EFFECT OF OXYGEN ON CREVICE CORROSION
300 cc 0,/L
410 88 vs 410 s8 Severe seizure
347 sS vs 347 ss Slight seizure
430 ss V8 430 88 Severe seizure
Armco 17-4  vs Armco 17-L No seizure

The ssme materials run at 600° F, but with 385 cc Hp/L, with the
same 0.005" clearance, after twelve weeks submersion, showed the results

given in Table XVIII.

TABLE XVIII: EFFECT OF HYDROGEN ON CREVICE CORROSION(hl)
385 cc Hz/L

410 s8 vs 410 ss No seizure

347 S8 vs 347 88 No seizure

430 8S vs 430 ss No seizure

Armco 17-4 vs Armco 17-4 No seizure

Argonne reported crevice corrosion in tests run in water at 500° F

containing 30 cc oxygen/L of water, as shown in Teble XIX.
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TABLE XIX: EFFECT OF OXYGEN ON CREVICE CORROSION(17)

30 cc OZ/L
Couple : Crevice Width Comments
410 ss vs Stellite-3 ~ 0.0027 Partial freezing
Armco 17-k vs Stellite-3  0.0024 Frozen |
410 ss vs Stellite-3 0.0021 to 0.0084 No freezing
Armco 17-b PH vs Stellite-3  0.0028 Frozen

It is apparent that the presence of oxygen promotes the build-up of
crevice corrosion products, particulaerly in some of the less corrosion-
resistant materials which may be used. The presence of hydrogen seems
to alleviate this condition for long periods of time. Specimens in hydro-
genated water at Babcock & Wilcox showed no metal embrittlement attribut-
able to the hydrogen.

The effects of other inhibitors and the effect of crevice width on
crevice corrosion are discussed later in the report.-

The presence of oxygen in the water also adversely affects the wear
rates of bearing surfaces as shown in Table III. The presence of dissolved
oxygen favors the formation of hematite (Fe203) at crevices and so alds in
the seizure occurring at mating surfaces. Corrosion products obtained un-
der various gas conditions were x-rayed at Battelle with the results pre-

sented in Teble XX.
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4
TABLE XX: X-RAY ANALYSIS OF CREVICE CORROSION PRODUCTS( 1)

Water at 600° F, 410 S8

Type of Oxide Film
Gas in Water Exposure (wk) Exposed Surf, Mating Surf, Buildup

385 ml Hz/L 12 Fe3oh Fe3oh None
Degased 26 Fe30), Fe30h None
60 ml 0,/L 26 Alpha Fe203 Fe30) Alpha Fe203
300 ml Oz/L 8 Alpha Fe203 Fe30h Alpha Fezo3

The results of the tests run in degassed water are erratic, and in
many instances they show a higher corrosion rate than similar,samples run
in oxygenated water. The questionable nature of the results may be attrib-
uted to the fact that it is hard to keep a system degassed, particularly
in a radioactive zonei(see Section 3.205). Some investigators(23’21) have
found that the presence of 0.2 cc OZ/L of water has a more corrosive effect
than larger concentrations of oxygen, and any attempt at degassification may
well lead to this lower oxygen concentration.

The effect of CO2 in the water 1s to make it acidic and to promote
pitting corrosion (see Section 3.208). Excessive CO2 is also collected by
the deionigzer and tends to deplete it.

Nitrogen dissolved in the water is converted to nitrates or nitric

acid, which promote corrosion. This occurs to a small extent.
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3.202 Effect of Welding and Heat Treatment on Corrosion

The effect of heat spplied to engineering waterials, as in annealing,
tempering, hardening, welding, and the subsequent changes 1in erystal struc-
ture, 1s of primeryconcern to us. The effect of welding on the grain
structure is of particular concern since the metal is subjected to tempera-
tures varylng from that of liquid metal to the cold plate. The unstebi-
lized austenitic stalnless steels, when heated in the range between 900° F
and 1600° F, tend to precipitate chromium carbide at the grain boundaries.
It is postulated that the depletion of chrowmium from the alloy makes the
metal immediately edjacent to the grain boundary susceptible to corrosion.
Heating the welded structure to about 1900° F and then quenching, tends to
redissolve the chromium and prevent its reprecipitation. In the assembly
of large welded pipe sections in the field, however, post-weld heat treat-
ment 18 not feasible. As a consequence in most AEC installations, the
stabilizedstainless steels, such as 347 and 321, have been employed in the
Pipe lines and the pressure vessels since the presence of columbium and
titanlum in these alloys prevents the precipitation of chromium carbide.
Since a low-cost reactor 1s sought, the use of the least expensive and
most commonly available austenitic stainless steel, namely 304 would be
preferred. In a search of the literature, no proof was found that any pre-
cipitation of chromium carbide, 1f it took place, affected the corrosion
rate of the 304 stainless steels under APPR operating conditions. Like-
wise,no correlation was found between eny other of the heat treatments and
the corrosion rates.

The tests in Table XXI, run at Bebcock and Wilcox, indicate that no

effect is evident from either welding or sensitizing the materials.
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TABLE XXI: WELDED AND SENSITIZED STAINLESS STEEL CORROSION RATES(3)

(mg/cmZ-mo)

Conditions -~ 1350 hours
Water at 500° F .

FE-10 1.7 cc Og/L pH-7 2.1 cc Op/L

Type 30 fps 1l fpm 30 fps 1 fpm
304 -0.05 0.01 -0.06 0.01
304 welded -0.04 0.02 -- 0.04
304 sensitized at 1250° F  -0.04 0.01 -0.06 0.04
316 -0.07 0.01 -0.0k 0.01
316 welded -0.06 0.00 -0.05 0.02
316 sensitized at 1250° F  -0.05 0.00 -0.0k4 0.02

Other tests at Argonne show that the effect of quenching to dissolve
any precipitated carbides does not give any better corrosion results than

the samples left as welded (see Table XXII).

TABLE XXII: WELDED AND QUENCHED STAINLESS STEEL CORROSION RATES(3)

In Weter
Time Corrosion Rate -
Type (°r) (br) Conditions (mg/cm®-mo) Rating
304 welded to 304, as 600 2930 240 cc 03/L 0.010 Good
welded
304 welded to 304 quenched 600 2930 240 ce 0,/L 0.021 Good
at 1900° F
304 welded to 304, as 600 2301 70 cc HZ/L -0.021 Good
welded
304 welded to 304 quenched 600 2301 70 cc Hy/L 0.016 Good
at 1900° F
30LL welded to 304 600 257 30 ce 0p/L 0.016 Good

Other weldments of 316 SS to 316 SS tested under the same conditions
showed similar results. The stabilized stainless steels welded together and

corrosion tested, such as 347 and 321,also showed good results. Cross-welding

of other dissimilar stainless steels showed no unusual corrosion effects. .
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Babcock and Wilcox Company, and Westinghouse supplied Argonne with
samples of 304 SS of varying carbon content (0.08 to 0.27%) for dynamic
corrosion testing in oxygenated water (5-6 cc 0Oo/L) at 315° C in order to
study the eitent of intergranular corrosion on samples that were sensitized
at 650° C for 2 hours and others at 24 hours. The first test period of
1480 hours was completed with the following results:

a. All samples exhibited an adherent dull bluish tarnish with a

yellow-brown discoloration at the edges.

b. The corrosion rates, calculated from the weight changes, were
very low, about +0.04 mg/cmz-mo, and seemed to have no correla-
tion with the carbon content or the heat treatment.

In his book Metals at High Temperatures,F. H. Clark points out that

intergranular corrosion of stainless steels in water does not begin until
the water reaches 800° F. The nature of the corrosion at higher tempera-
tures was investigated at Battelle in work on the supercritical reactor.

Some of the results of this investigation follow in Teble XXIII.

4
TABLE XXIII: CORROSION OF MATERIALS IN SUPERCRITICAL WATER'39’%3)

Degassed
800° F 1000° F 1350° F

Material Days (mg/cmé-mo) Days (mg/cmé-mo Days (mg/cm®-mo
17-7 PH 82 0.01 148 0.00 132 0.10
17-4 pH 82 0.03 --- -——-- 132 0.20
302 88 82 0.03 148 0.19 132 1.00
309 S8 82 0.02 148 0.03 132 0.20
310 sS 82 0.03 148 0.01 132 0.20
347 88 82 0.00 148 0.02 132 0.20 pits
410 ss 82 0.03 148 0.02 132 0.40
Inconel-X 82 0.00 109 0.25 104 0.95

Hastelloy-F 82 0.00 58 0.07 132 0.13
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From these figures, it would appear that the Armco 17-4 and Armco
17-T7 as well as Hastelloy-F, 309 SS, and 347 SS offer the best in materials
in operations at temperatures above 1000° F. A higher corrosion rate for
welded structures becomes apparent at higher operating temperatures as in-
dicated in the tests conducted at Battelle for Pratt and Whitney, and

tabulated in Table XXIV.




TABLE XXTV:

Material

Armeo 17-4 PH,
welded, aennealed
pickled

Armco 17-T7 PH,
welded, annealed,
pickled

Armco 17-4 PH,
unwelded

Armco 17-4 PH,
unwelded

Hastelloy-C,
welded, annealed,
pickled

Hastelloy-C,
welded, amnealed,
Pickled

Hastelloy-C,
unwelded

Hastelloy-C,
unwelded

310 S8 welded
annealed, pickled

310 SS welded
annealed, pickled

310 SS unwelded

3.10 SS unwelded

..39...

CORROSION OF WELDED 5 LDED METAL IN SUPER-
CRITICAL WATER

Degassed snd Demineralized

Time Temp Corrosion Rate Depth of Pitting
(br) (°F) (mg/cm2-mo). (mils)
100 800 -0.01

400 800 -0.05 0.3
100 800 0

4oo 800 0.05 0.5
100 1350 0.2k

400 1350 0.2h 0.5
100 1350 0.09

koo 1350 0.09 0.02
100 1350 0.12

koo 1350 0.26 0.1
100 1350 0.09

Loo 1350 0.11 0.1
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3.203 Effect of Fluid Flow on Corrosion

A definite relation between the rates of fluid flow in a'water loop and
the corrosion rate of the materials composing the loop could not be dis~
cerned in the study of the various corrosion testing loops. From the com-
pilations in Table XIII, it may be predicted, in a very general way, that
the higher the fluid velocity the greater will be the corrosion rate.

This general pattern is illustrated by the typical set of experiments run
at Babcock and Wilcox, and enumerated in Table XXV.
TABLE XXV: EFFECT OF FLUID FLOW ON CORROSION(3)
(Water at 500° F)

Corrosion Rate (mg/cm®-mo)

PE-10 PE-T
Material 30 fps 1 fpm 30 fps 1 fpm
304 S8 -0.05 0.01 -0.06 0.01
304 SS welded -0.0L 0.02 -- 0.04
304k SS sensitized at 1250° F -0.0k4 -0.01 -0.06 0.0k4
Monel -0.15 -0.01 -0.46 -0.1k4
Lhoc ss -0.17 -- -0.09 -
K-Monel annealed -0.0k4 0.00 -0.45 0.01
K-Monel hardened -0.18 0.00 -0. 44 -0.05
Inconel -0.02 0.02 -0.22 0.01

316 SS -0.07 0.01 -0.04 0.01
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From the tabulation of about 120 samples, analysis of the effect of

flow upde.: grrosion of 304k SS with both oxygen and hydrogen dissolved in

the water is shown in graphical form in Figure 2. The effect of higher
fluid velocities is also apparent in the Argonne Material Evaluation shown
in Table IXI. The typical corrosion rate-fluid velocity table above
(Table XXV) and all the other compilations show that fluid velocities do
not appreciably affect the corrosion rates of the austenitic stainless
steels. The corrosion rates of the martensitic and the ferritic stain-
less steels, and the cobalt and high nickel alloys do show a more marked
relation to the fluid velocity changes.

Transfer Products. A secondary effect of fluid flow is the trans-

port of corrosion products from one point in the system to another. This
transfer not only bares the corroded surface for renewal attack, but it
also affects the remainder of the circuit as follows:

a. Particles may become radioactive and deposit in unshielded
areas.

b. Particles may form scale on heat transfer surfaces and so
lower the effective heat transfer coefficient.

¢. Particles may restrict flow in confined places, such as tubes
and orifices.

d. Particles may injure wearing surfaces and Precision equipment.
The transport materials may be dispersed for redeposition by traveling in
solid particles or floculates, or in solution.

Tests run at Battelle indicate that the solubility of many of the
alloy components, and of the corrosion products themselves is not very

high in water. This is shown in Table XXVI.
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TABLE XXVI: SOLUBILITY OF STAINLESS STEEL COMPONENTS(hz)

(From Corrosion of 347 SS)

Water, pH 6.9;Resistivity,l meg-cm, Originally

Time (hr) 2k 100 500 1000 1000 1000 500

200 ml1 200 ml LiOH
Water Conditions Degas. Degas. Degas. Degas. 02/L Hz/L pH-10

600° ¥

Fe ppm <0.03 «0.03 <0.03 <0.03 <0.03 <0.03 <0.03
Ni ppm <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 £0.03
Cr ppm <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <£0.03

Room Temperature

Fe ppm £0.03  0.05 <0.03 .0.03 <0.03 0.03 <0.03
Ni ppm €0.03 <0.03 <0.03 0.05 <0.03 0.03 <0.03
Cr ppm <0.03 0.03 <0.03 0.03 <0.03 0.03 <0.03
C°f§§7§$’2‘-§2’§e 0.05 <£0.02  0.002 O 0 0 0.003
Iron wire only 0.45

These solubilities ranged in the neighborhood of 0.03-0.05 ppm for
stainless steels so that most of the corrosion products probebly were car-
ried in the undissolved state. The presence of loosely adhering corrosion
products in nearly all loops suggested the probsbility that this material
was transported by suspension rather than by solution.

At the generally accepted corrosion rate of 0.05 mg/cmz-mo, the for-
mation of the products of corrosion in the primary loop of the APPR, hav-

ing a surface area of L4 x lO6 cm?, would be
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0.05 mg/cm®-mo x 4 x 10° cm?
= 0.200 x 100 mg

200 g of corrosion products per month.

If the solubility of the corrosion products is accepted as 0.05 ppm,
then the portion of the corrosion products in solution would be
5150 L in system = 5,150,000 ml
or approximately 5 x 106 g of water
5 x 0.05 = 0.25 g of corrosion products in solution in loop.

The greatest portion of the corrosion products apparently is not in
solution.

It is rather difficult to estimate what portion of the solid corro-
sion materials formed enters the water stream and what portion remains on
the surface on which it was formed. A study of the corrosion rate charts
indicates that a negative corrosion rate, or loss of material, occurs in
the more rapidly flowing channels, and a positive corrosion rate, or ma-
terial buildup, occurs in the more quiescent parts of the currents. If
it is assumed that 50% of the corrosion products find their way to the
stream, the material introduced into the loop would be

0.5 x 200 = 100 g/mo.

A study of the material deposited on heat transfer surfaces and on
fuel elements indicates that corrosion products preferentially coat out
on surfaces of high energy exchange. The exact mechanism of such deposi-
tion - whether it be from solution or by electrical charge of the solid
materials, or both - is in doubt, and is being investigated in some of

the laboratories.
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At Westinghouse it was found that local boiling or high temperature
can cause corrosion deposition, while adjacent cooler areas are free of

such deposits. Cooler portions of the hot zone have a less adherent

covering of black magnetic oxide, while a brown or red-brown adherent

P A V)

hem osit is found in the hotter zones.

It is obvious that the corrosion products must not be permitted to
accumulate in the loop. The purification of the water is based on the
ionic content of the water, and is described in Section 3.206. In the
proposed system, water would be purged from the primary loop at a minimum
rate of 18 gph, and the loop replenished with deionized water. This purge
and makeup will reduce the amount of transport corrosion products in sus-
pension to one-tenth the value previously given, or 10 g, at any one
time in the entire system. This quantity, furthermore, will not be cumu-
lative. The purge system will also effect the removal of corrosion pro-
ducts in solution at the rate of 2.5 g per month.

The effect of the water velocity upon suspended corrosion product
deposition was investigated in the Argonne(3o) corrosion loop #2. The
results seem to indicate a greatest deposition at about 18.5 fps. The
deposition is lower for both high and low water velocities. The varia-
tion of particle deposition with water velocity is plotted in Figure 3.

At another facility at Argonne, the Component Assembly Test
Facility(l7), a somewhat different influence of fluid flow on corrosion
product deposition was noted. Here the greatest deposition was at low

velocity (~5 fps), less at an intermediate velocity (~18 fps), and least

at high velocity (~33 fps).
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The effect of the solid transport materials can be alleviated further
by the consideration of the following additionsl particle-flow character-

istics:

a. At fluid flows of less than 10 fps, it was found that particles
less than 0.5 microns to 0.l microns will deposit out.

b. Fine particles tend to migrate from repidly flowing streams to-
ward areas of low turbulence. Larger particles remain suspended
only in rapidly flowing streams.

c. Irradiation seems to have a coagulative effect on positively
charged metal oxide particles. .

d. Relatively larger amounts of deposit collect on converging com-
ponents than on diverging components.

e. Relatively larger amounts of deposit collect at trailing ends
than at leading ends on cross-shaped members.

It is therefore possible, by proper flow design, by proper purge
outlet location, and by use of filters, to eliminate much of the remain-

ing transport materials.
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3.204 Effect of Irradiation of Materials on Their Corrosion Rates

The effect of irradiation of the materials on their corrosion rates,
as distinct from the effect of such irradiation on the physical proper-
ties, was undertaken at some of the national laboratories. Most data
were obtained at Hanford where an irradiated loop was established early.
Some of the early results at Hanford as listed in Table XXVII, showed

the effects of irradiation on corrosion.

12

TABLE XXVII: CORROSION OF MATERIALS IN ARGONNE LOOP AT maFoRD 35712

Irradiation ] Corrosion Rates
Material Conditions (nvt) o (mg/cmP-mo)
347 sS 25 cc Hy/L F-1.1 x 1039 0.078

s-5.5 x 1019
347 sS 25 cc Hy/L F-1.8 x 1039 0.105

s- 9 x 1019
17-4 PH 5-3.3 x 107 -0.012
Stellite-3 5-3.33x 1017 0.006

Later tests at Hanford employed samples which were irradiated, and
controls, which were not, to obtain the comparisons listed in

Table XXVIII.
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TABLE XXVIII: CORROSION OF MATERIALS IN
ARGONNE WATER LOOP AT HANFORD(23,12)

6 months at 540° F

1 x 1019 nvt fast 1 x 1020 nvt slow
Flux Control
Capsule 140-16F Capsule 140-16F

Material (mg /cm@-mo) (mg/cm2-mo)
347 SS no treatment 0.41 -0.10
347 8S inhibited with Pyrex 0.3k 0.05
347 SS machined 0.30 0.09
17-4 PH 0.19 0.07
Stellite 0.03 0.33
17-4 coupled with Stellite-3 0.19 0.09
17-4 coupled with Stellite-3 -0.13 0.1k
Monel 0.21 -0.86
Haynes Alloy-25 0.22 0.08
Stellite-6 with USS/W 0.01 0.16
Stellite-6 with USS/W 0.06 0.03

The results are erratic, although the tendency for the irradiated
samples to corrode at a higher rate is apparent.”_An examination of the
materials seems to indicate that a fair portion of the weight increases
may be attributed to tramsport corrosion products described earlier in
the report.

Other materials run in an ORNL irradiation loop for two weeks at
500° ¥, and 9 months at 150°-200° C in sn integrated £lux of 1.5 x 102°

nvt gave less divergent results, as listed in Table XXIX.

TABLE XXIX: IRRADIATION OF MATERTALS IN CORROSION TEST LOOP AT ORNL

Corrosion Rate (mg/cmz-mo)

Material Irradiated Non=-irradiated
347 ss -0,01k4 -0.009

347 ss -0.017 -0.005
A-Nickel -0.10 -0.20

A-Nickel -0.20 -0.14
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The corrosion of irradiated and unirradiated zirconium specimens

was tested at Hanford with the results listed in Table XXX.

TABLE XXX: EFFECT OF IRRADIATION ON COR?OSION OF ZIRCONIUM SPECIMENS
AT HANFORD(15)
(Water at 540° F, 2064 hours)

Cartridges 140-B and 140-10

Wt Change (mg/cmZ-mo)

Supplier Specimen No. Unirradiated Irradiated

Westinghouse 26-0 0.02

Crystal Bar 26-1 0.02
26-2 0.1k

Westinghouse 27-0 0.01

Arc melted 27-1 0.01
27-2 0.02

Foote 28-0 0.02

Grade-1 Crystal 28-1 0.0k

BM 0.2% 29-0 0.08

Ta 29-1 0.01
29-2 0.02

BM 6.2% Sn 30-0 0.0k4

Arc melted 30-1 0.01
30-2 0.01

BM 5.0% Sn , 31-0 -0.13

Arc melted 31-1 0.02
31-2 0.0k

.
From the results of the irradiated corrosion tests which were in-

vestigated, a clear cut pattern or result was not defined, and any dif-

ference in the corrosion rates between unirradiated and irradiated

samples must be assumed small.




3.205 Effect of Irradiation on Decomposition of Water

Water under irradiation decomposes in part into its elemental com-
ponents, oxygen and hydrogen. In tests run in an autoclave at Chalk
River, with a volume of 1/8 liter at 500° F at 200 psi above saturation
pressure, in an irradiated flux of 1.2 x lOlzn/cmz-sec fast and
5x lOlzn/cmz-sec thermal, an analysis of previously degassed water
showed the following(zo):

DISSOLVED GAS (cc/L)

Hours H O2 CO2 Inert Total

20.5 4.8 0.72 0.4 2.7 8.6

thus, indicating a formation of new gases. The large excess of hydrogen
beyond its stoichiometric ratio with oxygen suggests that the oxygen is
consumed elsewhere, for example, by combining with the metals to form
oxides, with carbonaceous materials to form carbon dioxide, and with ni-
trogen to form nitrates or nitric acid.

The corrosion products in stainless steel loops were found to con-
tain iron as the major component. The chemical compounding of iron with

(20)

oxygen is suggested to occur according to the following two formulas :

1. 4 Hp0 + 3Fe ——»Fe, 0 + L H,

3
2. 20, + 3 Fe ———-—;Fe3 Oy
20)

Experiments conducted by Argonne at Chalk River( on in-pile, out-
of-pile, and pile-down experiments showed evidence that both these re-
actions occur. One effect of irradiation is then to supply oxygen for

corrosion along the lines of Bquation 2.
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The decomposition of the water under steady-state conditions and
500° F was roughly estimated to vary as the square root of the radiation
intensity. This is borne out in part by tests run under different flux
densities at Chalk River in which a greater oxygen deficiency was found

under a higher integrated neutron flux; Teble XXXI illustrates this.

0
TABLE XXXI: EFFECT OF NEUTRON FLUX ON OXYGEN DEFICIENCY IN WATER(2 )

(Test Loop at Chalk River)

Neutron Flux Run Time 0, Deficiency

Run No. °F (neutrons /cmé-sec) (hr) cc(STP)

B5-1 500 2.05 + 0.4 x 1012 fast 5.3 0.09
2.7 +0.5 x 102 thermal

B5-2 500 2.05 * 0.4 x 1072 fast 14.7 0.11
2.7 +0.5x 1012 thermal

B5-3 500 2.05 + 0.4 x 1012 fast 20.5 0.26
2.7 + 0.5 x 1012 thermal

B5-4 500 2.05 + 0.4 x 1072 fast 31.8 0.20
2.7 + 0.5 x 1012

B5-C2 500 1.2 * 0.5 x 10-° fast 16.7 0.62
5.0 * 0.2 x 1012 thermal

B5-1C 500 1.2 * 0.5 x 1012 fast 20.6 0.80
5.0 + 0.5 x 1012 thermal

The irradiation of water, in addition to causing its decomposition,
also affects the recombination of the oxygen and the hydrogen, which is
dissolved in the water. Such recombination was checked in the previously
mentioned Chalk River loop under varying flux densities and different

temperatures with the results as shown in Table XXXTI.




Run No

TABLE XXXII: HYDROGEN AND OXYGEN RECOMBINATION

In Chalk River Loop(zo)

Water and Gas Phase Both Present

Initial Gas Initial Gas
Concentration Comb Rate
cc(STP) cc(STP) /min

Fast Neutron Flux 1 * 0.5 x 10%n/cm2-sec

C3-1
C3-2

C5-1

327
327
501

182 1.58
180 1.55
270 1.65

Fast Neutron Flux 2.05 * 0.4 x lOlzn/cmz:sec

C3-1C
C3-2c
Cc5-1C

c5-2C

293
345
496
495

185 1.13
270 1.86
180 1.95
320 1.89

Final Gas Analysis (cc) (STP)

Hp Oz N
0.14 3.9 3.0
0.20 5.8 3.2

00 16.8 3.4

26.0 22.4 3.6
30.1 0.4 6.5
1.2 9.8 1.7
2.2 13.7 2.7

-€¢-
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The net amount of oxygen and hydrogen released in the water will
reach a steady-state quantity equal to the difference between the dis-
gsociation of the water and the recombination of the gases. This quantity
is a function of temperature, pressure, presence of vapor phase, presence
of purities, etc. The above tests seem to indicate that the presence of
either an excess of hydrogen or an excess of oxygen will suppress the for-
mation of the other. The tests listed in Table XXXI for the most part
showed a suppression of the hydrogen which was attributed to an initial
excess of oxygen. In test C3-2C (Table XXXII), the predominance of hydro-
gen was likewise caused by an initial hydrogen excess.

In a Hanford loop(7) at 540° F, no oxygen was discerned after steady-
state conditions were reached. Oxygen was present originally, but its
concentration gradually decreased to an immeasurable quantity. The hy-
drogen concentration reached sbout 2 cc/L at steady-state conditions in
this loop and was as high as 35 cc/L. At Osk Ridge, the hydrogen con-
centration reached 10 cc/L under steady-state conditions.

The CO, concentration at steady-state conditions and 540° F at
Hanford(7) reached about 6 cc/L without demineralizer, but went higher if
oxygen was introduced into the system.

The quantity of nitric acid formed because of the water irradiation
was estimated at 0.06 to 0.09 ppm.

The effect of water irradiation in the package reactor may be summed

up as follows:




]
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a. Irradiation of water causes dissociation of the water and its
recombination. The rate of these reactions is a function of
of the neutron density.

b. An excess of hydrogen in the reactor will inhibit the formation
of oxygen. The net quantity of oxygen remaining in a hydro-
genated system will be low but finite and will be combined with
the materials in the system to form oxides.

c. BSome of the gases formed may be transferred to the vapor phase
in the pressurizer and from there may be eliminated from the
systen.

3.206 Effect of Water Purity on Corrosion

The tabulation of the corrosion rates does not correlate the influ-
ence of water purity upon corrosion because an insufficient number of
samples included data on water purity, It is established, however, that
low amounts of total dissolved solids must be maintained in the water to
keep the corrosion rates low. In other sections of this report, the ef-
fect of undissolved corrosion particles upon the heating surfaces is

. discussed. It 18 established also that the corrosion products themselves
are not very soluble, but that the effect of certain other ions in the
water is to supply an electrolyte which can hasten or abet corrosion.

The water as obtained from outside natural sources may contain as
much as 200 ppm of dissolved solids in it. These solids may be removed
from solution by distillation or demineralization or both. If distilled
water is normally available, as it is in the Army Package Power Reactor,
then it would be most economical to use both distilled water and a de-
mineralizer. The distillation process may remove the major portion of

* the dissolved solids and leave perhaps 5 ppm dissolved solids. The de-

ionizer will then remove the remainder of the solids to the desired purity.
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L
TABLE XXXIII: EFFECT OF ION EXCHANGER ON CORROSION AT ARGONNE(3 )

Water at 500° F, 2 cc Op/L, 500 hours

Without Ion Exchanger With Ion Exchanger
Material (mg/cm?-mo) (mg/cm@-mo)
304 S8 0.17 0.0k
316 SS 0.16 0.0k
410 ss 0.16 0.34
LhoC SS . 0.2k 0.21

Experiments performed at Westinghouse resulted also in improved cor-
rosion rates for materials run in loops with an ion exchanger as shown in

Table XXXIV.

TABLE XXXIV: EFFECT OF ION EXCHANGER ON CORROSION AT WESTINGHOUSE(98)

Water at 500° F, 0-1 cc O,, 1700 hours
2

Circuit with Ion Exchanger Circuit without Ion
Sample Number (mg/cm?-mo) Exchenger (mg/cm2-mo)
1 -0.05 -0.09
L -0.06 -0.09
T -0.05 -0.09
8 -0.05 -0.09
10 -0.06 -0.10

The effect of lessened corrosion is further evidenced in improved heat
trensfer in loops at Babcock and Wilcox. In Loop "A" an ion exchanger was

turned off during the 38th day of operation, and the overall heat transfer

was 3,300 Btu/hr-ft2-°F. On the 39th day the coefficient was reduced to

2,850 Btu/hr-ft2-°F, and on the 45th day it was further reduced to 1,600

Btu/hr—ft2-°F, or a decrease slightly over 50% in the overall heat trans-

fer coefficient.
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Conversely, Loop "B" started without an ion exchasnger, and when an
lon exchanger was placed in the circuit the overall heat transfer coef-
ficient began to increase. During the subsequent 10-day: operation the
coefficient increased from 2,400 to 2,900 Btu/hr-ftz-°F, from which it
varied very little. The increase in this latter loop indicates that not
only was the corrosion rate lessened, but that some corrosion products
already on the heat transfer surface were either dissolved by the pure wa-
ter or transported in a solid condition to the ion exchanger where they
were filtered out of the circuit.

Similar improvement in the actual reactor at Chalk River (NRX) was
observed after the installation of an ion exchanger. Without an ion ex-
changer it was determined that the resistivity of the water was 0.02
megohm-cm and the rate of decomposition of D20 was 80 cc Dz/min and
4o cec Oz/min. After the installation of an ion exchanger consisting of
two sets of filters and a one-liter mixed-resin bed, the resistivity of
the liquid increased to 2 megohm-cm; the decomposition was reduced to
0.k cc Dy/min and 0.022 cc 0, .min.

The use of ion exchange systems in typical corrosion loops is illus-

trated in Table XXXV.




TABLE XXXV: ION EXCHANGERS USED WITH VARIOUS TEST LOOPS

At 500° F

Estimated Flow Total Flow Flow through Total Water Average

Ion through Ion Arch in Loop Ion Exchanger in Systenm Resistance
Exc er {gpm) (gpm) (%) {gallons) (megohm/cm3) pH
Argonne
Loop #1 0.2 30 0.67 6.0 1.8 7.5
Loop #2 0.2 100 0.2 10.0 1.h 5.8
Loop #3 0.2 30 0.67 6.0 1.6 7.3
Component Ass'y Test 0.7-0.8 250 0.3 360.0
Ball Bearing Lead
Screw Assembly 0.1l 5.0 0.24 8.5
Babecock & Wilcox
Corr. Loop #2 (05) 0.02 30 0.067 2.96 1.0 6.8
Corr. Loop #3 (Hp) 0.02 30 0.067 2.96 --- 6.8
Corr. Loop #4 (Deg) 0.02 30 0.067 2.96 - 6.8
Pilot Channel at ORNL 0.02 30 0.67 13.2 1.5 7.0

At Hanford 0.02 100 0.2 22.2 0.27 to 0.5 7.0
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Calculation of Demineralizer. The purity of water may be measured

by either its resistivity or its total dissolved solids. Of the two
quag&%%%gs, the resistivity is most easily measured, and will glve the best
indiizgién of the ionic content of the water from the corrosion point of
view. A knowledge of the amount of dissolved solids is helpful, on the
other hand, in calculasting the amount of demineralization required to ef-
fect high purity.

The relation between resistivity and total dissolved solids is not &
fixed one since the resistivity is = function of ion activity which may
vary from one type of ion to another.

In order, however, to establish a working relation between the two,
selected knownrelations between resistivity and total dissolved solids
are plotted on the graph shown in Figure 4. A relation covering the
range in which the expected values fall wes estimated.

For the package reactor the water in the primagy loop will be main-
tained at 2 ppm (330,000 ohr-cm from the graph). The rate of decrease in
resistivity in a system running without denineralizer was selectedxas a
basis for the calculation of the smount of demineralization required. One
typical loop at Argonne showed the decresse in reslstivity with time as

listed in Table XXXVI.
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2
TABLE XXXVI: EQUILIBRIUM RESISTIVITY WITHOUT DEMINERALIZATION( 3)

5 ece 02/L

100-150 cc Hz/L
Time Temp Resist

Loop Condition (br) (°F)
Startup 0 150
Ho added 0.8 150
Start of 1st Const Temp Period 1.9 412
End of 1lst Const Temp Period 2.k K12
Start of 2nd Const Temp Period 3.0 500
2nd Const Temp Period 3.5 500
End of 2nd Const Temp Period 7.2 L4995

In tests without hydrogen, the resistivity dropped

0.1 megolm~-cm before temperature was reached.

(meg-cm)

0.38 cc 02/L

100-150 cc Ha/L
Time Temp Resist
(°F) (meg-cm)

(nr)

1.2

0
0
2
2

3
3
7
t

H-3W MK o

150
150
k12
k12
500
500
500

1l
1l
0.
0
0

v OnH W

OOONH

0
0.44-

48

0 within less than-

From the above it can be seen that under operating conditions approach=-

ing that of our reactor, the resistivity drops from 1.3 megohm-cm to 0.4k~

0.48 megohm-cm in TT hours which is seen to be, from Figure 4, equivalent

to an increase in solid content of about 1 ppm.

If it is intended that the water be maintained at 2 ppm and if nonde-

ionized water hes its impurity increased by 1 ppm in 77 hours, then it

would be necessary to completely replace the water in the system with wa-

ter of 1 ppm purity in 77 hours. Thus the makeup water would have to be:

Volume of loop in gallons = 1365

Makeup l%gé = 17.8 gal/hr

It was estimated by Sevitz end Scheibelhut at Argonne that 1 gram

equivalent solids required 1 liter of cation resin and 2 liters of anion

resin. The gram equivalent of the total dissolved solids was estimated

by calculating the averasge molecular weight of dissolved solids in a
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typical water sample at the Argonne pilot channel at Oek Ridge, as follows:

Material _ppm Molecular Weight % Weighted %
(om) 1.00 17 3k 5.8
50, 0.3 80 10 8.0
c1 0.2 36 T 2.5
n03 1.0 62 34 21.0
Ca 0.03 ko 1 0.k
K 0.03 40 1 0.4
Mg 0.5 25 17 .3
Na 0.3 23 10 2.3
Remainder 0.39 50 (assumed) 21 6.5
5755_ 45.2 Average Molec-
ular Weight

Since it is necessary to supply make-up water (2 minivum rate of
18 gph) of 1 ppm solid content, it is necessary to remove L ppm of the
golids from the distilled water containing 5 ppm.

This quentity in terms of equivalents is then

0.00k _ 5 o

B 8.8 x 10"’ equivalents/L
= 6.0x 1073 equivalents/hr

at 8750 hr/yr

= 52.5 equivalents/yr

The resin requiréd for deionization at 3 L/g equivalent
= 157.7 L/yr
Commercial deionization units may be employed for deionization in
which the quantity of resin has already been calculated. One such unit,

The Barnstead Model MM-2, will supply the needs of the Army Package

Power Reactor as follows:
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The wnit will provide 1300 gallons of water whose mineral content
has been reduced from 10 gr/gal to 10 ppm. The demineralization is there-

fore

10 x lO6

0 er/eal = 7558,

170 1bs/10° 1bs

170 ppm.
The net solids removal is then 160 ppm. The equivalent purifying ca-
pacity of the deionizer when used on the reactor would be

1300 x ;gg = 52,000 gal of water with 4 ppm removal.

At the make-up rate of 18 gal/hr then

21000 = 2900 hr
= 120 days.
The demineralizer would have to be regenerated every 120 days.

It is df interest to note that the use of a by-pass circulating sys-
tem would require the removal of 1-2 ppm solids by the demineralizer in-
stead of h:ppm° This would have the effect of either reducing the size of
the demineralizer to almost 1/3 the size or lengthening the period of use
of the same demineralizer without regemeration for the longer periods of
time - in this instance from 4 months to 1 year. In order to properly
compare the recirculating system with the purge-maekeup system, other fac-
tors, such as the need for cooling, shielding; high pressure, etc., should
be considered.

The amount of regenerative chemicals required for the purge-makeup
system with the MM-2 demineralizer 1s 50 pounds of hydrochloric acid and'

25 pounds of sodium hydroxide per year.
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It sbould be pointed out that in the discussion on the required ca-
pacity of the demineralizer, the following two factors were neglected:

a. The effect of initial dirt in the system.

b. The effect of increasing cleanliness in the system.

The amount of initial dirt in the primary loop msy be large. In
spite of all the precautions which are taken (see Section 6.00), the
lerge amount of dirt initially removed may well consume several loads
of demineralizer before the water attains the desired purity.

It wes found that the rate of contamination of the loop water decreased
as the loop continued to operate even after the desired purity was attained.
Pratt and Whitney determined that the specific resistivity of water in a
loop decreased less and less with successive batches of pure water as shown
in Figure 5. This same figure also shows the curve drawn from Table XXXV
which was used to establish the demineralizer requirements.

The resin bed size in the Chalk River irradiation test loop installa-
tion was based upon the corrosion rate of 0.702 mg/cmz-mo of sluminum which
came to about 9 grams of sluminum per month for that system. It was found
erroneous to base the ion exchanger size on the corrosion rate since only
about 5% of the calculated aluminum vas collected by the resin bed.

The operation of Chalk River loop resulted in cation resins carrying
practically all the radioactivity. After elution with acid the gamma
activity was reduced from 300 to 5 mr/hr at 1 in. The pickup of metal ions
that contribute heavily to long-lived activity, such as Co, Cr, Mo, and Mn,
wes relatively low. The anion resins were in most cases exhausted by COg.

The resins in general were not harmed by the radiocactivity.
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The use of ion exchangers was found useful also in reducing by as
much as sixfold both the long-lived gamma sctivity due to cobalt-60 and

the activities other than N16 and 019 in pumping and heat exchenger areas.

; 3. ZQ%AVEffect of Stress on Corrosion
| It might be expected that stressing metals would decreese their cor-
rosion resistance, particularly in the instance of welded austenitic
stainless steels and other materials subject to carbide precipitation at
the grain bounderies. This was not the case for the austenitic stainless
steels stressed to 10,000 psi and submerged in 600° F water containing
some oxygen in solution. Furthermore, dissimilar stainless steel materi-
als welded together, such as 304 welded to 347 and tested for 121T hours
under the same conditions, showed no excessive corrosion rate. Likewise,
321 sS tested in 600°F water and stressed at 10,000 psi for 3149 hours
showed a corrosion rate of 0.08% mg/cmz-mo. In still another instance,
304 SS was welded to 347 SS and tested in a dynsmic loop at 30 fps and
10,000 psi stress for 895 hours; this resulted in a corrosion rate of
0.0028 mg/cmz-mo. There was no noticeable difference in the stressed and
unstressed condition of the Stellites and K-Monel.

Later tests at Argonne showed the effects of stress corrosion test-
ing (see Teble XXXVII), in a dynamic loop at 25 to 30 fps, 500° F deionized

water, containing 1.2 cc OZ/L and stressed at 10,000 psi.
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TABLE XXXVII: CORROSION RATES AND TENSILE PROPERTIES
OF STRESSED STAINLESS STEELS(17)

Corrosion Rate Physical Properties
Type (mg/cm2-mo) Ultimate(psi) % Elong
3041, #1 -0.011 85,500 78.8
304L, #2 0.005 - 86,300 68.2
304L, welded to 304L #1 0.006 83,250 43.6
304L, welded to 304L #2 0.005 82,000 Ly .7

. 310 #1 0.00k 102,000 36.9
310 #2 -0.039 105,500 4h2.3

The corrosion rates are low and are comparable to the corrosion rates
of unstressed corrosion specimens. The physical properties of the materi-
als themselves likewise do not differ from the normal physical properties
expected of these materials.

If 10,000 psi is considered a safe working stress for the materials,
then no difficulties should arise due to excessive corrosion on this ac-
count. Some indication that much higher stresses can be used without any
detrimental corrosion was obtained by tests run at Battelle. Type-347 SS,
stressed to 30,000 and 50,000 psi for 16 days, and exposed to degassed,
super-heated water at 1000° F showed no cracks, although some permanent
set did occur where the yield stress was exceeded.

A working stress of 10,000 psi is a low figure to use on some of the
alloys whose yield strength is above 50,000 lbs. Although definite evi-
dence is lacking that a higher working stress value than 10,000 psi may
be used, it is felt that a normal conservative factor of safety could be
applied In the instances of very high strength materials. The stressing
of a material may be likened to the sensitizing of a material discussed

earlier in the report, where the grain boundaries became susceptible to
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corrosion ettack. The fact that the water tempersture is not high enough
to0 cause this corrosion should apply also to grain boundary conditions
caused by stressing.

Some tests run at Knolls(se) on welded pipe showed fairly high stress

rates induced by the welding as seen in Tables XXXVIII and XXXIX.

TABLE XXXVIII: STRESSES IN 5-INCH PIPE(50)
36" long, 1/2" wall

Longitudinally Welded

Location Circumferential Stress(psi) Longitudinal Stress(psi)
L" from 1 end 23,000 11,000
4" from other end 27,000 11,800
9" from first end 22,100 22,000
At center 21,000 22,600

347 SS initially stress
relieved

TABLE XXXIX: RESIDUAL STRESSES IN PIPES AFTER LOW TEMPERATURE ANNEAL

Type 347 SS

Pipe Condition Outer Surface Inner Surface
5" 0.D. As welded 14,000 -16,000
1/2" wall 1200° F 12,000 -15,000
9-1/2" 0.D. As welded 18,000 -23,000
1-1/2" wall 1100° F 16,000 -22,000

1200° F 14,000 -22,500
5" 0.D. 1650 - 2 hours 0 : 0

1/2" wall 1850 - 1 hour 0 0
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From Table XXXIX it can be seen that stress relieving at a proper
temperature eliminates the internal stresses set up.

It was suggested that the stress relieving of austenitic stainless
steels, after welding, is unnecessary(58). In fact, the stress relieving
over 1650° F may lead to stress relief cracking. In order to maintain
dimensional stability, lower the stresses, and minimize corrosion in the
velded structures, it is suggested that partial annealing in the range
of 800°-1000° F for the austenitic stainless steels be used, wherever
possible.

Residual stresses form a self-balancing system which in all proba-
bility is different from a system of external loads so that they are not
additive. As a matter of fact external loads high enough to cause plastic
flow would set up a new set of stresses other than those caused by welding.

In an analysis(6l) of fatigue stresses in austenitic stainless steels
at elevated temperatures the failure due to cyclic stress was determined
by the magnitude of the plastic strain and the number of cycles. Thus
stress failure and stress corrosion can be expected to occur at points of
stress concentration. As in the case of stress fatigue, stress corrosion
can be avoided by careful consideration of_material variation, tempera-
ture variations, and design.

The stresses occurring between the fuel plates in the assembly can
be alleviated also by proper design. The net stress in the individual
fuel plates is difficult to estimate, but since the fuel plate is under
no load other than the internal stresses and since the cladding maintains
its elasticity even under irradiation, no serious corrosion consequences

are anticipated because of the stresses in the fuel plates.
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3.208 Effect of pH on Corrosion

In Section 3.206 it was indicated that the purity of water is meas-
ured either by its specific resistivity or by the parts per million of
dissolved solids. A third measure of water purity is its hydrogen-ion
concentration, or pH. The latter gage of water purity is a very rough
yardstick, and, consequently, for very pure water the specific resistiv-
ity is determined in preference to the pH.

It is only when large variations from the neutral pH of T occur,
that it becomes worthwhile to employ pH measurements. This is particu-
larly true if it is necessary to determine whether a solution is acid
(low pH) or alkaline (high pH). The determination of the pH of a solu-
tion will then help to establish whether excess CO, 1s present, or
whether a proper emount of buffers or alkaline inhibitors has been added
to the water. In these instances neither the amount of total dissolved
g80lids nor the resistivity of the solution alone would give a true pic-
ture of the condition of the water. The effect of dissolved CO, in the

water on its pH 1s shown in Table XL.

TABLE XL: EFFECT OF CARBON DIOXIDE IN WATER ON pH AND RESISTIVITY(93)
EZCO3 COp Hydrogen pH Specific Resist.
o Ton (megohm-cm)
0.5 x 107+ 2220 1.56 x 107 3.81 0.02
102 4ho 6.7 x 1072 h.17 0.0k
0.5 x 10-2 220 4.5 x 1072 4.35 0.06
10-3 i 2.1 x 10-5 4.68 0.12
0.5 x 10°3 22 1.56 x 10°2 4.81 0.16
1o‘ﬁ b b 6.6 x 10‘2 5.18 0.38
0.5 x 10~ 2.2 k.5 x 107 5.35 0.55
1072 0.4 2.1 x 1076 6.68 1.2
0 ) 1.0 x 1077 7.0 18.0
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The presence of nitrate ions likewise increases the hydrogen ion

concentration to lower the pH as shown in Table XLI.

TABLE XLI: pH AND RESISTIVITY VS NITRIC ACID CONCENTRATIONs(93)

PH Hydrogen Ritrate Ion Calculated Resistivity
_ (ppm) (ppm) (ohm-cm)

7 10'“ 0 18,000,000

6 1073 0.06 2,400,000

5 1072 0.62 240,000

4 10-1 6.2 2k,000

3 1 62 2,400

Both the above relation and the relation between the concentration
of’COz In the water upon the specific resistivity of the water are graph-
ically charted in Figure k.

It has been determined also that the presence of either sodium hydrox-
ide or lithium hydroxide in the water will raise the pH to betweén 9 and
12. This increase in pH will tend to reduce local pitting of the material
at some sacrifice to the over-all passivity. The effect of such additions
is apparent in the corrosion compilation'summaries (Teble XII) and is
discussed further in Section 3.209. In the areas of water quality deter-
mimation where its value has some meaning, the pH of a solution is shown
to have a definite qualitative correlation to the corrosion potential of
the solution. In the near neutral solutions, the approximate nature of

the pH value and the small number of samples run in which an accurate
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check of the pH wes maintained, made it impracticable to arrive at any
relation between corrosion rates and pH values. It is possible by using
the values in Tables XL and XLI, and Figure 4 to arrive at a very rough

qualitative estimate of the influence of pH on corrosion.

3.209 Effect of Inhibitors om Corrosion

Corrosion inhibitors are being used successfully in several water-
cooled end moderated reactors at the present time. The Hanford pile
utilizes water to which sodium dichromate and sodium silicate have been
added. The swimming pool reactor at ORNL uses sodium dichromate. Thesé
additives are used to prevent corrosion to materials which are normally
much more readily corroded than those being investigated, such as alumi-
pun end carbon steel. The corrosion tabulation includes listings of
corrosion tests in which inhibitors were added; in some instances, a de-
f£inite inhibition trend cen be detected. The most promising inhibitor is
hydrogen; its effect upon corrosion rates was discussed in Section 3.201.
Other additives which will be discussed in this section and which show
inhibitive tendencies are sodium hydroxide, lithium hydroxide, and hy-
drazine hydrate.

The use of hydrazine hydrate has been suggested as an inhibitor and
is being tested at Brookhaven. 1In use, hydrazine decomposes and introduces
hydrogen gas into the solution. Initial test results showed that hydra-

zine at 0.1484 g/L under irradiation gave the following results(lzl):

"pH 101 - 10.5
Total gas 128 cc/L

0o 5.49 ce/L
CO5 2.68 cc/L
Hp 69.95 cc/L

N, 49.83 cc/L (by difference)
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It was determined that some combination of hydrogen with nitrogen
occurred to form ammonia. Ammonie in turn was irradiated with the

following results:

Conditions 02 H2 N, CO2

1 molar solution at 12% 63% 25%
7-1/2 hours

2980 cc/L at 120 62 cc/L 2070 ec/L 842 ce/L 6.2 cc/L
hours

The effects of sodium hydroxide in small quantities on the corrosion
rate of various materials are illustrated in tests run at Bsbcock and
Wilcox. 1In these tests 106 mg of NaOH was added to the water to obtain a

PH of 10 which resulted in the values shown in Table XLII.

TABLE XLII: EFFECT OF NaOH ON CORROSION (mg/cmz-mo)(3)‘

30 fps 1l fpm

PH-10 PH-T PH-10 PH-T
Material 1.7 cc 02/L 2.1 cc 0a/L 1.7 cc 02/L 2.1 ce Os/L
Monel -0.15 -0.46 -0.01 -0.14
304 88 -0.05 -0.06 0.01 0.01
Lhoc ss -0.17 -0.09 -- -
K-Monel, annealed -0.0k -0.45 0.000 0.01
K-Monel, hardened -0.18 -0. 4k 0.00 -0.05
Inconel ' ~0.02 -0.22 0.02 0.01
316 s8 -0.07 -0.0k4 0.01 0.01

The addition of lithium hydroxide to the water effected similar cor-
rosion inhibition. It was shown previously that crevice corrosion was
most feared because it could cause equipment to bind, and that the addi-

tion of Hy to the water loop minimized this crevice corrosion effect.

Additional experiments were reported at Battelle in which small quantities
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of LiOH (20 ppm) alleviated the crevice corrosion to some extent as

shown in Teble XLIII.

TABLE XLIII: EFFECT OF LiOH ON CREVICE CORROSION(hl)
Water at 600° F with 300 cc 02/L
20
Clearance No LiOH, Seizure With LiOH(ppm), Seizure
Couple mils 2 vk 6 wk 2 vk 3 wk
410 ss vs 410 88 0.5 Severe Severe None Severe
347 55 vB 347 S8 0.5 None None None None
430 85 vs 430 S8 0.5 Slight Severe None Severe
17-4  vs 17-k 0.5 None None None None

Although mitigation of seizure was accomplished in some instances,
the alleviation was not quite as complete as when hydrogen was used. Hy-
drogen additions prévented seizures in all the combinations listed above.
The sbove experiments were run with excess oxygen, however, and the use
of LiOH in the water together with degassification might improve the hy-
droxide's inhibitive qualities. |

Lithium hydroxide may be added to the water by means of a LiOH re-
generated ion exchanger and was used in the Bettis mock-up of the STR.

A tabulation of such a run shows low corrosion rates for the materials

ag indicated in Teble XLIV.
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TABLE XLIV: EFFECT OF LiOH ON ?ORROSION USING
REGENERATION ION EXCHANGER(102,103)

Temperature 500° F, pH-10 - 10.5

Corrosion Rate (mg/cm2-mo)

Material , 10 fps 20 fps
347 S5 machined 0.0 to -0.0L.  eeee--
347 SS machined @ 0000 aceaes -0.005 to 0.00
347 SS electropolished @ = cceee- -0.01
304 SS machined 0.005 0.005
17-4 PH machined -0.01 -0.02
Inconel machined @ =00 aee-o- 0.0k
Inconel-X machined 0.06 = cmmea.
410 8S machined -0.08 -0.09

Still other inhibitors are being investigated. These include sodium
diphosphate, sodium arsenate, morpholine, snd pertechnetate. The results

of some of these inhibitors on ASME A-212B steel are shown in Teble Xiv.

TABLE XIV: CORROSION INHIBITION IN ASME A-212B STEEL

at 600° F in Water, 0.5 ppm Op, 6-8 megohm

Time Weight Change Descaled
Inhibition Gram/L (hr) pH _(em/dwC-mo)  (mg/em®-mo)
NaHPOQ), 5 23 9.7-9 -0.027 -0.90
NaHPO), 10 22 10-9.8 0.063 -0.83

Morpholine 10 8 10.4-9.7 0.005 0.16
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Other materials tested with morpholine are listed in Table XLVI.

TABLE XILVI: STATIC TESTS WITH MORPHOLINE
Water at 600° F, 6 days

Concentration 10 g/L initial; 4.7 g/L finel

No of Samples Corrosion
Material Averaged fgg(cmz-mo}
A-212B it 0.1
2 1/4% Cr - 1% Mo b 0.13
11/4% Cr - 1/2% Mo L 0.18
5% Cr - 1/2% Mo L 0.15
304 S8 L 0.025

Other inhibitors investigated at Argonne included silicon dioxide,

zinc dioxide, and germanium dioxide, with the results shown in Table XLVII.
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TABLE XIVII: STATIC CORROSION INHIBITOR STUDIES(31)

Initially Demineralized Water Saturated with 0o

Materisl Inhibitor
347 88 GeOp
347 S8 GeO2

347 S8 GeOp
347 ss GeOg
347 s8 GeOp

347 S8 5104
347 88 GeOy

347 s8 5105

347 ss Zn(OH)z*
347 ss Zn(OH)z*
347 88 zn0

28 Al GeOg

25 Al GeOo

25 Al GeOq
SAE 1020 Zn(OH),
SAE 1020 2n(OH),
SAE 1020 zn(OH)2
SAE 1020 None

Conc

(ppm)

2000
500
100
250
50
312
815
157
500
50

100

2000
500

200

* Hy, saturated instead of 0o

Time Weight Change

(hr) (mg /cmZ-mo ) Appearance

166 0.01
-0.01

166 -0.006
0.006

166 -0.01
0.006

502 0.03 Blue-gray
0.02

502 0.01 Uniform
0.03

Straw

162 -0.01 Straw
-0.02

160 0.014 Light
0.03

160 0.06 Purple
0.01

192 0.01 Straw
0

162 1.0 White scale
1.0

162 0.8 Dull white
0.9

162 2.3 Dull gray
2.5

161 1.6
1.0

161 1.4
1.3

161 2.5
0.5

162 1.0 Smooth black
1.0
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Progress is being made on the use of these materials on normal car-
bon steel; some reactor in the near future may employ an inhibitor which
will permit the use of regular carbon steel as the major structural ma-

terial.

3.210 Effect of Galvanic Couples and Crevices on Corrosion

Any discussion of galvanic couples touches upon what is considered
the basic mechanism of corrosion; many of the previously mentioned cor-
rosion factors can probably be shown to either inhibit or promote the
formation of galvanic couples. The inhibitors probably attempt to form
an irreversible electrode effect, promote anodic or cathodic polariza-
tion, alter the current distribution, or increase the resistance in the
liquid or metallic circuits.

Crevices, of course, are locations where the galvanic couple gap
has been shortened to a point that transmission of ions is relatively
easily accomplished. Methods of mitigating crevice corrosion by the use
of hydrogen and by the use of hydroxides were discussed in previous sec-
tions of this report.

The effect of the crevice width itself was checked in tests run at
Argonne. In these tests pistons of mating materials with varying crevice
gaps were inserted in Stellite-3 cylinders; assemblies were submerged in
water contalning 30 cc Oz/L. Some correlation between temperature and
gap is readily discernable from the results of these tests given in

Table XLVIII.
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TABLE XLVIII: COUPLE-CREVICE CORROSION TESTS(17)

Water, 30 cc 02/L, 421 hours

CouBle
Stellite-3 with 17-4 PH

Stellite-3 with 17-4 PH
Stellite-~3 with 17-4 PH
Stellite-3 with 410 88
Stellite-3 with 410 8S
Stellite-3 with 17-4 PH
Stellite-3 with 410 S8

Stellite-3 with 17-4 PH

Temp(°F) Crevice Width(in.) Comments

200 0.008 one end and No freezing
0.0024 other end

200 0.0027 No freezing

200 0.0022 No freezing

200 0.0029 Ro freezing

500 0.0027 Partiasl fre

500 0.0024 Couple froz

500 0.0021 one end and No freezing
0.0084 other end

500 0.0028 Couple froz

Journal-sleeve type couples were tested at Battelle to determine

the clearance under which no seizure would occur, and the results are

listed in Teble XILIX.

ezl
e

e

TABLE XLIX: JOURNAL-SLEEVE CREVICE TESTS(hl)
Seizure Max
Exposure Sleeve Journal Dia (1b to Buildup
Test Conditions (wk) Materisl Material (mils) free) (mils)
500°F H20 w 2 17-4 PH Cr plate 1.2 50 0.5
30 ec 02/L 17-4
500°F H20 w 2 347 88 347 ss 0.9 50 0.5
30 cc 02/L
600°F degassed 2 17-4 PH Cr plate 0.6 50 0.5
17-4 PH
600°F degassed 2 17-4L PE  Cr plate 2.8 none 0.5
with 20 ppm LiOH 17-4 PH
600°F degassed 2 347 s8S 347 ss 2.1 none 0.5
with 20 ppm LiOH :
600°F, 60 cc 0p/L 2 17-4 PH  Cr plate 2.1 none 0.5
17-4 PH
600°F, 600 cc 05/L 6 17-4 PH Cr plate L.6 none 0.5

17-4 PH
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Other coupled materials, irradiated in water at Hanford for 6 months
at 540° F in an integrated flux of 1 x 1019 nvt (fast) and 1 x 1020 nvt
(slow), showed no galvanic corrosion effect. They are:

17-4 PH vs Stellite-3

17-4% PH vs Haynes Alloy-25
17-4 PH vs USS/W

Stellite-6 vs USS/W

Haynes Alloy-25 Vs Uss/W
Haynes Alloy-25 vs Stellite-3

The position of materials in the electromotive series 1s of limited
assistance in the selection of non-corrosive materials in a reactor loop.
Most materials employed sre alloys of various elements whose position in
the electromotive series may very with the particular portion of the loop
in which they may find themselves.

Argonne(25) has tested externally applied potentials aimed at the
prevention of the deposition of the colloidal transport corrosion prod-
ucts onto the fuel plates. The methods being cliecked, which have met
with partial success, employ (a) a charge on the fuel plates the same as
that of the transport products so that these materials will be repelled,
and (b) an opposite charge on dummy plates so that the colloidal parti-

cles will coat out on them and so be removed from the loop. These in-

vestigations are continuing.
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3.211 Effect of Surface Finish on Corrosion

The surface finish of a material can be divided into two categorles:

(a) The first type of finish concerns itself with the smoothness or

(b)

the irregularity of the surface. This smoothness, which may be
measured in micro-inches, is normally a function of the febri-
cating process. Thus, materials may be ground, machined (turned
on lathe, milled, shaped), electropolished, buffed, vapor-
blasted, as-cast, as-rolled, etec.

The second type of finish, where the smoothness is normally not
measured, consists of coatings and impregnations. This in-
cludes electroplated surfaces (such as chrome-plate), and im-
pregnated surfaces (such as anodized, Malcomized, Scottsonized,
Parkerized, and Chromallized surfaces).

Smoutimess of Surface. It can be generally proven that the finer the

finish of the surface, the less it 1s subject to continued corrosion. In

tests at Westinghouse, stainless steel 347 subjected to a 985-hour expo-

sure in 500° F water containing 82-136 cc Ho/L, a water resistivity of

3,000,000 ohm-cm and flowing at 20 fps, showed the following corrosion

rates:
Material Average Corrosion Rate (mg/cmz-mo)
Machined (12 pieces) 0.05
Electropolished (3 pieces) 0.03

A smooth surface offers less foothold for foreign materials and

therefore is less likely to form small galvanic cells. The possibility

that small cells can form in what otherwise appears to be a smooth surface

is illustrated in tests run at Westinghouse where vapor-blasted surfaces

showed aggravated corrosion when compared with machined surfaces

(see Table L).
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TABLE L: EFFECT OF SURFACE FINISH ON CORROSION(17)

Water at 500° F, 500 hours

Time Corrosion Rate (mg/cmz-mo)
Meterial ghrt Conditions Machined Vapor-Blasted
347 TaCb 500 500 ce Hy/L 0.01 -0.13
347 TaCb 1000 0.00 -0.03
347 TaCb welded 500 0.2 cc 02/L -0.41 -0.78
347 TaCb welded 500 Degassed -0.09 -0.33
347 TaCb welded 1000 0.2 ce 02/L -0.05 -0.46
347 TaCb welded 1000 2.0 cc 05/L 0.00 0.01
347 TaCb welded 1000 Degassed -0.04 -0.17
347 TaCb welded 1500 Degassed -0.0k -0.13
316 Ss 500 500 ce Hp/L 0.00 -0.02
316 S8 500 Degassed -0.0k -0.35
30LL SS 500 0.2 cc 02/L 0.01 -0.75
304L 8S 500 2.0 cc 0p/L 0.0k 0.03
30LL S8 500 500 cc Hp/L -0.04 -0.08

Additional tests under the sasme conditions but at 1 fpm showed
similar results.

Surfacing Effect on Corrosion. Most of the special treatment of

surfaces has resulted in incressed corrosion rates for the materials.
This is particularly true of surfaces hardened by a form of carburiza-

tion, such as Malcomizing or Scottsonizing. Another surface treatment

called "Chromallizing" also decreased corrosion resistance.

Some effects of various surface treatments, as determined at

Argonne, are summerized in Teble LI.
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TABLE LI: EFFECT OF SURFACE TREATMENT ON CORROSION(3)

Time Corrosion Rate
. Material Temp (hr) Test Conditions (mg/cm@-mo)
304 8S Chromallized 500 400 30 ce Op/L -2.h
30k SS Malcomized 500 1857 30 cc 03/L -0.2k to 0.064
304 SS Malcomized 500 1450 30 cc 0p/L 0.048 to-0.41
30k SS Malcomized ground & 500 337 Degassed 0.50
polished o
LhoCc SS Malcomized ground & 500 L4475 30 cec 05/L -2.2
polished
17-4 PH Malcomized ground 500 397k 30 cc 02/L 0.79 to 0.041
USS/W Malcomized polished 250 353 Degassed 0.27
302 SS ground & Scottsonized 500 325 Degassed 3.30
302 S5 ground & Scottsonized 500 325 30 cc Oz/L -0.29
. 347 SS polished & Scottsonized 500 1476 30 cc 05/L -0.017 to -0.200

Chrome-plated materials generally showed good corrosion resistance

except in certain high-flow rate oxygenated systems.

.3.212 Effect of Acid Cleaning and Passivation on Corrosion

It is desirable to be able to clean the primary loop materials with
acid for the following reasons:

l. Welds should be cleaned to remove scale asnd oxidized surfaces
which could form nuclei for crevice and pitting corrosion.

2. Strongly irradiated surfaces can be readily deconteminated with
an acid bath.

3. Carbon steel materials left on the surface of stainless steels
by tool bits, rolls, etc., can be removed by pickling.

L., The surface of many materials undergoes passivation after ex-
- posure to acid.
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In the section on welding and heat treatment, the corrosion of non-
stablized (no Cb or Ti) stainless steels in water was of concern. The
investigation proved that undue corrosion did not occur in 304 SS at
welds. The treatment of metals with acids may be likened to an acceler-
ated corrosion test; as in the instance of water corrosion, no indi-
cation that cleaning with acid will harm any of the 300 series stainless
steels has been found.

The effect of acid cleaning on 347 SS was checked at Argonne(s).
Three groups of welded 347 SS channel, after boiling in water to remove
soluble alkalis and slag, were treated in the following ways:

‘{e) Left "as is".

(b) Cleaned for 1 hour in 10% HNO3 at 170° F.

(¢c) Cleaned for 1 hour in 15% HNO3 end 2% HF solution at 170° F.

The samples were then tested in oxygenated water at 500° F for 1800
hours with the following results:

Sample a. Showed dark purplish-brown film with narrow band of loose
material at weld.

Semple b. Same as sample (a), but lighter in color.

Sample c¢. Light blue to silvery color.

These tests indicate that some corrosion inhibition was obtained by
the acld éleaning of the specimens.

Tests at Westinghouse on 347 SS in water at 500° F, 100 cc HZ/L of

water, 500 hours, and 20 fps showed the results listed in Teble LII.
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TABLE LII: EFFECT CF ACID CLEANING ON CORROSION\100,102,103)

Corrosion Rates

(mg/cmé-mo)
Materlial Degassed Not-degassed
347 S8, as machined -0.03 -0.03
347 SS, as machined -0,02 -0.03
Passivated 30% HNO3 0 -0.03
Pickled 20% HNO_, HF 5% 0.01 0.01
Pickled 10% HpSO) ) -0.01

A comparison of the effect of molten nitrates with up to 10% ex-
cess nitric acid on various types of 300 series stainless steels was
made by Mallinkrodt. An average of 25 exposures gave the results shown

in Table LIII.

TABLE LIII: CORROSION OF STAINLESS STEELS IN NITRIC ACID (lO%)(TT)

Penetration (in./go x 10-3)~<

Form (Condition Medium 30% 304 HC 347 316 317R 309 cb

Sheet Anneasled  Vapor 0.38 0.3+ 1.07 0.93 0.21
Sheet Welded Vapor 0.69 2,40 5.53 6.7L 0.23
Sheet Welded Liquor 0.99 1.16 3.03 L4.27 0.64
Sheet Unstressed Liquor 0.16
Sheet Stressed Liquor 0.15
Cast Vapor 0.31 0.69 0.4% 0.57 0.30

Cast Liquor O.44 1.11 0.52 1.35 0.48
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The attack of stainless steels 316 and 317 was greater than the at-
tack of stainless steels 304, 347, or 309 because of the molybdenum in
the steel. Stainless steel 309 showed the greatest resistance to cor-
rosion and 304 the next best. The welded 347 sheet showed pitting all
over, not Just at the weld line.

Many corrosion specimens listed in the gross tabulation were pick-
led in either nitric acid or nitric acid and hydrofluoric acid prior to
testing. This treatment did not seem to increase the corrosion suscepti-

bility of the materials.

3.213 Effect of Added Polsons on Corrosion

Experiments were conducted at Argonne to determine a suiteble liquid
poison which might be employed in the STR in an emergency. It would be
desirable for such a poison not to injure the materials it came in con-
tact with during the time it was in the loop. Of the many solutions in-
vestigated, boric acid was found to be the only compound stable at 600°F.
The salte considered included LiCl, L1N03, Ligsoh.ﬂzo, LiBO,, and
LiBhO7.5H20. In order to mske the boric acid more soluble, lithium hy-
droxide was also added to the solution. The results of corrosion tests
run in a boric acid-lithium hydroxide loop are shown in Table LIV.

The corrosion rates were erratic and did not follow the general pat-
tern set by the corrosion rates of specimens in a pure water loop. The
corrosion rates were sufficiently low, however, so that no permesnent in-

Jury resulted to any of the loop components.
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The boric acid loop otherwise showed no detrimental effects on the
coolant. Additional decomposition of the solution in concentrations of
6.00 and 11.4 g/L at 500° F and a neutron flux of 6 x 10%) nvt, was not
observed above that expected for the pure water. The amount of H3BO3
required to shut down the Mark I was estimated at 6.4 g/1{15),

None of the poison solution seemed to be permanently trapped in

the system after wash down.
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27)
TABLE LIV: EFFECT OF SUBMERSION OF MATERIALS IN BORIC ACID POISON LOOP(

Demineralized water: 5 g/L H3BO3, 0.8 g/L LiCH, 500° F, 1-3 cc 0a/L
pE = 9, velocity 3.1 fps, and 620-hour opersation

Corrosion Rate

Material ‘ (mg /cm@-mo)
304L 88 0.088
30k sS -0.22
309 8s 0.16
316 Ss 0.035
USs/W 0.26
347 88 -1.05
17-4 PH 0.12
17-7 PH 0.42
k10 ss 0.07
Lhoc ss 0.0
A-Nickel 0.51
L-Nickel 0.h4
K-Monel, aged 0.1l2
Inconel, aged 0.09
Monel 0.20
Hastelloy-C c.11
Stellite-3 3.5
Stellite-6 0.63

Vascoloy-Ramet 166 -0.12




4.00 STAINLESS STEEL-CLAD FUEL ELEMENTS

The choice of materials for fuel elements depends on many factors,
such as the materiel cross section, fission products, strength, and heat
and corrosion resistance. For the pvackage power reactor, the relative
merit of various materiasls was weighed, end it was decided to use stain-
less steel as both a cladding material and s bond for the fuel matrix.
The fuel plates are to be made in flat strips and brazed together into
square cross section boxes with rectengular spaces through which the
coolant water can flow.

This general type of fuel element has been made both by Pratt and
Whitney for a proposed super-critical water reactor, and by General
Electric for another aircraft reactor. The Metallurgy Departﬁent at Oak
Ridge National Laboratory has also developed a process for the manufac-
ture of these elements using the picture frame technique. In this proec-

ess the matrix is made 18-30% 93% enriched uranium dioxide mixed with
boron carbide and 304L SS powder. The matrix is pressed, sintered, and
coined. The resulting teblet is pleced in a frame made of rolled 30LL
SS and sandwiched between top and bottom sheets of rolled 304L 8S which
are then welded on all sides. The finished sendwich is then hot rolled,
cold rolled into flat sheets, cut into uniform sized strips, and brazed
into sub-assemblies.

Physical Properties - Unirradiated Elements. The various analyses

and tests of the fuel elements in the unirradiated state, run by the ORNL

Metallu:gy Department on the package reactor fuel elements, and by
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General Electric and Pratt and Whitney on the aircraft reactor fuel
elements, indicate that both the cladding and the matrix can withstand
- great stress both individually and sub-assembled.

Pratt snd Whitney Fuel Elements. Battelle, who made the fuel ele-

ment investigations for Pratt and Whitney, made several types of picture
fﬁame fuel elements in which both the cladding material and the matrix
material were varied. The matrix materisls used were electrolytic ironm,
carbon, nickel, electrolytic chromium, and prealloyed types 347, 302, 316,
and 302B stainless steels.

Pransverse tests on some of the strips showed the values in Table LV,

using 347 cold rolled stainless steel as cladding material.




Matrix

Electrolytic Fe
Electrolytic Fe
Electrolytic PFe
Electrolytic Fe

Prealloyed 347 SS
Prealloyed 347 SS
Prealloyed 34T SS
Prealloyed 347 SS
Prealloyed 347 SS
Prealloyed 347 SS
Prealloyed 347 SS
Prealloyed 347 SS
Prealloyed 347 SS
Prealloyed 302 SS
Prealloyed 302 SS
Prealloyed 302 SS
Prealloyed 302 8S
Prealloyed 302 SS

Prealloyed 302B SS
Prealloyed 302B SS

Prealloyed 316 SS
Prealloyed 316 SS

TABLE LV: EFFECT OF MATRIX COMPOSITION ON TRANSVERSE STRENGTH OF FUEL PLATE(uu)

347 S8 clad
U02 in Oxide Particle Transverse Metallographical
Matrix Wt% Size (p) Tensile (psi) Examination

25 < 53 25,400 Uniform

25 < 53 31,900 Uniform

25 < M4 23,200 Uniform

25 <3 33,100 Uniform

25 <53 21,000 Good bond, some stringers
25 <53 16,350 Good bond, some stringers.
25 < L4k 2k, 600 Good bond;, some stringers
25 <3 20,200 Good bond, some stringers
25 <3 22,900 Good bond; some stringers
25 T=-Uh4 28,000 Good bond, some stringers
30 T=-hl 25,400 Good bond, some stringers
25 hh-53 11,200 Good bond, some stringers
25 4h-53 15,600 Good bond, some stringers
25 < 53 27,300 Good bond, some stringers
25 < 53 23,200 Good bond; some stringers
25 < by 26,800 Good bond, some stringers
25 <3 30,000 Good bond, some stringers
25 <3 26,500 Good bond, some stringers
25 T-u4h 27,300 Good bond, some stringers
25 T-hk 30,400 Good bond, some stringers
25 T=hl 27,800 Good bond, some stringers
25 T=-hl 29,300 Good bond, some stringers




Matrix

Elemental
Elemental
Elemental
Elemental
Elemental
Elemental
Elemental
Elemental
Elemental
Elemental
Elemental
Elemental
Elemental
Elemental
Elemental
Elemental

18 Wt% Cr

18 Wt% Cr

18 Wt% Cr

18 wt% Cr

18 Wt% Cr

18 wt% Cr
18-9 Wt% Cr
18-9 Wt% Cr
18-9 wt% Cr
18-9 Wt% Cr
18-9 wWt% Cr
22-12 Wt$ Cr
22-12 Wt% Cr
25-20 Wt% Cr
25-20 Wt% Cr
25-20 Wt% Cr

Core 0.008 Clad 0.006

and Ni
and Ni
and Ni
and Ni
and Ni
and Ni
and Ni
and Ni
and Ni
and Ni

TABLE LV (Cont.)

UO2 in Oxide Particle Transverse Metallographical
Matrix Wt$ size () Tensile (psi) Exsmination
25 453 31,200 Good bond, no stringers
25 453 30,500 Good bond, no stringers
25 e 22,900 Good bond, no stringers
25 T-hk 26,300 Good bond, no stringers
25 < 53 29,900 Good bond, no stringers
25 <3 29,600 Good bond, no stringers
25 < 53 31,800 Good bond, no stringers
25 < 53 18,200 Good bond, no stringers
25 < 53 2k, 200 Good bond, no stringers
25 b 23,700 Good bond, no stringers
25 <3 26,500 Good bond, no stringers
30 T-4h 26,000 Good bond, slight stringering
30 T-4k4 23,000 Good bond, slight stringering
30 T-4h 21,000 Good bond, slight stringering
30 T-4k 23,600 Good bond, slight stringering
30 T-hl 20,400 Good bond, slight stringering
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The particle size in the matrix had an unpredictable effect on the
strength of the fuel element. The iron matrix and the elemental alloy
compositions showed greater strength than the prealloyed powdered ma-
trices. Other fuel elements with varying U0, content were made. A
marked decrease in strength was evidenced when the core 002 content rose
to 40%. A similar decrease in ductility was noted with higher U0, con-
tent as evidenced in bend tests. Bends were made in the iron matirx el-
ement sgbout a l/6h" radius without cracking the core and in the alloy
matrix element sbout a 3/32" radius with the 30% U0, matrix. These val-
ues were somewhat higher for the 40% U0,, matrix.

The Pratt and Whitney fuel elements used s 0.008" to 0.012" core
and a cladding 0.004" to 0.006" thick. These elements were subjected to
thermal cycling by heating and cooling between 500° F and 1500° F, at
the rate of two cycles per minute. The fuel element with alloy matrices
showed no cracking after 1,000 cycles, but those with iron matrices
cracked after 250 cycles. A reduction in the maximum temperature to
1300° F increased the life of the iron core fuel plate to approximately
1,000 cycles.

The General Electric fuel elements used 310 SS and 309 SS for both
cladding and matrix. It was determined that optimum strength was obtained
in the matrix when 10-45 p- particle size of UO, was employed. This
strength averaged sbout 5,000 psi. The ultimate strength of.the cladding
is about 100,000 psi.

Other properties‘of the General Electric fuel elements are shown in

Table LVI.
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TABLE IVI: PHYSICAL PROPERTIES OF TYPE-309 SS-CLAD FUEL ELEMENTS
WITH 30% UO, IN CORE

Tensile Strength (Parallel to Rolling)

Te °F Ultimate Tensile (psi) Elongation %
1500 73,000 10
1650 18,500 11
1800 11,500 12

Creep Strength (Parallel to Rolling)

Temp (°F Creep Rate (%/hr)
1500 0.000%
1650 0.001
1800 0.023

Transverse Rupture Strength at 1800° F

% U0, Transverse Strength (psi)
0 TOOO"

30 6000

50 2100

Most of the above data concerns itself with fuel elements which will

have to withstand much higher temperatures than the package power reactor

elements will.

The physical properties of the febricated fuel plates indicate that
they will readily withstand the 500-600°F operation in the Army Package
Power Reactor; in fact, it appears that they can withstand temperatures

from 800° to 1000°F without decrease in element life.
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Irradiated Fuel Elements. From the above, it can be seen that

assemblies of stainless steel-clad fuel elements containing a stainless
steel matrix and operating at 500° F may weli withstand all the stresses
to which they may be subjected. The investigations on the matrices to
date, however, have been made mostly on unirradisted materiasls. Recent
tests run on Pratt and Whitney specimens at ORNL indicate that the staln-
less steel matrices contalning UO2 undergo embrittlement upon exposure
to neutrons as shown in Table IVII. The cladding itself is not sub ject
to this embrittlement and shows the same improvement in tensile qualities
shown by non-cladding stainless steels after irradiation.

In later tests, additional specimens were irradiated up to 11.8%

burnup. Some of these showed hardening of the matrix up to DPH 64l.
The general conclusions drawn from the results are as follows:

1. The core-clad boundary of samples with stainless steel matrix
showed greater resistance to separation on bending than the
iron matrix.

2. The resistance to intra-core separation was greater in the
large particle size range (15-Ul UOZ) then in the small
particle size core ( ~ 3u UO,).

3. Some radiation damsge to the clad due to fission fragments may
teke place up to 0.0004" penetration.

The embrittlement of the core also drastically affected the radius

about which the plate could be bent. However, since the bend test on
an unirraediated sample is made to determine the fabrication characteris-

tics of the materials (corrugation, curling, crimping), the reduction




TABLE IVII: EFFECT OF IRRADIATION ON HARDNESS OF FUEL PLATES(&)
Temperature Hardness of Cled Uo2 Hardness of Core

Sl s (T)  se  Before . 'atter  Materssl Size (u) Before . Atter

55 166 347 109-12k  217-222 90%,18-9 3* 218-266  29L4-313
56 166 347  103-133  196-220  7T0%,18-9 3 177-196  322-342
57 166 347 98-124  205-226 70%,18-9 44-53%  177-196  212-24k
58 166 347 93-132  184-255 T0%, Fe 3* 162-169  226-23h4
60 380 347 98-116 181-223 T70%,18-9 3 218-232 499-520
61 380 347 109-132 188-222 70%, Fe 3 155-169 500-510
62 380 347 116-132 181-205 70%, Fe 3 143-148 155-463
63 380 347 109-12h4 171-194 T70%,18-9 3 232 480

# Natural Uranium

Capsule #1 206 x 1028 T 573 hours #55-#58
Capsule #2 1.5 x 10°° NVT 555 hours #60-#63
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in ductility should be of little consequence in the irradiated samples.
The effect on the transverse strength of the fuel plates may be great,
however, depending on the geometry of the element. For the packsge
power reactor fuel element the trensverse strength would be a function of
the element's moment of inertia. For a comparison of the strength of the
non-irradiated fuel element with the irradiated element, the very worst
cagse was analysed in which the non-irrasdiated element was considered s
homogeneous strip, whereas the irradisted fuel element was considered to
have a core that contributed nothing to the strength of the element. The
effect on the moment of inertia of the elements is to decrease the strength
in the ratio of 1.5 to 1 and 1.3 to 1 on the x-x and the y-y axis respec-
tively, as shown in the calculations in Appendix A.

The flexural strength across the width of the beam would depend up-
on the pressure differential between adjacent fuel plate chasnnels. In a
closed hydresulic system such a differential would be a function of the
fluid velocity. High fluid velocity might conceivably cause sufficient
pressure differentials to cause vibrations in the plates. It is not ex-
pected that such vibrations will occur in the APPR with the low fluid

flow of ebout 4.3 fpm.
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Fuel Element Corrosion. The cladding of the fuel element should

have the same corrbsion resistance as the stainless steels used in other
components, since very little change in physical properties of the clad-
ding Gue to irradiation was noted other than the 0.0004" penetration of

fission fragments. This is borne out by corrosion tests run on the fuel

plates at Argonne and listed in Table LVIII.

1
TABLE LVIII: GE - ANP FUEL ELEMENT CORROSION(3 )

Fuel Plates Type 310 SS - Cut Edges Sealed with GE-ANL No. 62
Brazing Material and Inconel Wire

Water Conditions

Temp Time With 02 5 With H2

(°r) (br) cm®-mo) Remarks (mg/cm®-mo) Remarks

500 333 0.481 Adherent, blue- 0.396 Adherent, red-
red coating brown tarnish

500 333 0.0h42 Adherent, blue- -0.021 Adherent, brown-
red coating blue tearnish

500 ik 0.059 Adherent, blue- 0.012 Adherent, copper,

: red, black coating brown coating

600 333 0.069 Adherent, brown- 0.767 Adherent, blue-
blue tarnish brown tarnish

600 333 0.021 Adherent, brown- 0.106 Adherent, blue-
blue tarnish brown tarnish

600 1k 0.022 Adherent, brown- 0.025 Adherent, red-
black tarnish brown coating

680 333 -0.027 Adherent, brown 0.0 Adherent, dark
tarnish blue-brown tarnish

680 333 0.0 Adherent, brown 0.0 Adherent, blue
tarnish and brown tarnish

680 Tik 0.116 Adherent, dark 0.15 Adherent, brown-
brown coating black coating

All samples showed heavy adherent dark or brown coatings on brazed edges.
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The corrosion of the matrix itself, however, is of some concern be-
ceuse of the radioactivity which such corrosion mey impart to the water.
The water may come in contact with the matrix and corrode it, in two
ways, (a) after some time pitting corrosion of the cladding may form
holes in cladding to expose the core surface, and (b) the cladding may
be stripped from the fuel element because of faulty bonding, brazing,
assembly, etc.

The corrosion rates of U0, determined at Argonne are shown in
Table LIX. From this table, it cen be seen that U0, corrodes moderately
in degassed water. From previous experience it may be expected that the
corrosion rate may even be lower in a hydrogenated system. The presence
of oxygen in the system appears to have a rather erratic effect on the
corrosion rates. The corrosion rate figure which was averaged from the
table for the proposed conditions is 5 mg/cmz-mo. The formation of both
a vapor phase and a water phase in the presence of exposed U0y, as might
occur in the event of a partial loss of water and some stripping of the
cladding, would result in a higher corrosion rate. The negative corrosion
rate of most of the specimens on the table indicates that the material
chips, flekes off, and is lost to the stream.

The corrosion of the U0y in the core may have the following effects:

a. Uranium fuel will be lost from the system.

b. The water may become radioactive because of fission products
and recoil fragments.




Material

Sp gr 10.6, fired
at 1750° C

Repeat of above

Sp gr 10.6, fired
at 1750° C

Repeat of above

Sp gr 10.3, pressed
fired at 1750° C

Sp gr 9.3, fired
at 1750° C

Sp gr 5.0, extruded,
fired at 1700° C

Sp gr 10.6, pressed,
fired at 1750° C

Sp gr 10.6, pressed,
fired at 1750° C

Repeat of above

TABLE LIX: CORROSION OF URANIUM DIOXIDE(lg)

Reslistance

Time PH (Ohm-cm) Corrosion
Test Conditions (hr) Before After Before After (ug/cm®-mo)
500°F degassed 330 7.1 5.8 195,000 65,000 - 4
500°F degassed 333 7.0 5.7 180,000 28,000 -2.4
S500°F oxygenated 330 T.0 5.5 290,000 60,000 0.76
500°F oxygenated 333 T.0 5. 210,000 49,000 -15.4
600°F degassed 358 6.7 6.0 470,000 47,000 0.22
600°F degassed 358 5.9 5.4 320,000 15,000 -7.05
600°F degassed 358 6.4 6.0 140,000 11,000 -0.67
600°F oxygenated, 35k 6.9 ———— 165,000 -- 0.00
steam phase
600°F oxygenated, 400 6.7 6.8 160,000 30,000 -36.9
steam phase
600°F oxygenated, 3.38

water phase

-001-
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Some attempt was made by the Army Paékage Power Reactor Group to
evaluate which of the above factors would limit the permissible amount
of matrix exposure to corrosion. From rough calculations, it was esti-
mated that the recoil fragments contributed the greatest hazard to ma-
trix exposure and would limit such exposure to 1800 square centimeters
with the present shielding.

Effect of Burn-out Poisons

Boron carbide will be used as a burn-out poison in the msnufacture
of the fuel elements. It will be mixed with the core matrix. In tests

run at Knolls(63)

» boron carbide was found to be very resistant to neu-
tron-induced macroscopic fragmentation. In these tests hot pressed bd-
ron carbide bodies withstood 15% atomic percent burnup without physical
breakdown.

Argonne has checked the effect of boron directly in the cladding
and structural stainless steel material. The effect of such addition on

the corrosion rate of the 309 SS is shown in Table LX.
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TABLE LX: EFFECT OF BORON AND MISCH METAL ON THE CORROSION
oF TYPE-309 88(31)

In Water at 680° F

Wt Change
Material Additives (mg/cm®-mo) :

ARL # B Ce+La 333 hrs 761 hrs Remarks
4005-1 0 0 -0.062 0.082 Lustrous, straw
4005-2 0.05 O 0.062 0.048 Lustrous, straw
L005-3 0.0k  0.007 0.047 0.075 Lustrous, straw
4L006-1 0 0 0.0 -0.0k1 Lustrous, straw
L006-2 0.13 O 0.0 0.0 Lustrous, straw
4006-3 0.13 0.051 0.031 0.061 First period, loose

Second period, adherent
Micrographic exeminations by Carpenter Steel Company who furnished
the above material showed that embrittlement occurs when metal is exposed
to temperatures of 1200° to 1400° F. This embrittlement is caused by -

precipitation involving boron rather than embrittlement due to sigma

phase formation.
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2.00 DISCUSSION OF METHODS USED IN CORROSION MEASUREMENTS

In general, the primary objectives of the Army Package Power Reactor
material investigation have been fulfilled insofar as both the missing
vital information about materials has been supplied, and the conditions
under which the reactor is to run have been determined. Of course, there
may be gaps in the continuity of the data, and some information may be of
doubtful value. The possibility of such errors prompted the use of large
numbers of results, where possible, so that any peculiar result may be
leveled by gross averaging.

In most instances, the results of the analysis bore out the conclusions
reached in other selection lists, such as the qualitative analysis made
by Argonne and partially listed in Table IXI. The actual results of
this selection of specific materials were,in some instances, different.
The most notable difference, which involved over 80% of the material in
the reactor, was the selection of 304 SS in the reactor instead of 347 SS.
Graphitar 1k, which 1s used as a bearing material in some of the canned
rotor pumps, did not show up too well, and its use augured more frequent
pump overhauls than was anticipated for the rest of the system. It may
be that a substitute bearing material, liquid bearings, or actualy oper-

ational tests of the bearings in existing pumps, would solve this
problem.

In the more detailed tabulation shown in Appendix C, the selection
and the method of tabulating the information have been made a function

of the information available. Many of the factors discussed in the




TABLE LXI: EVALUATION OF REACTOR MATERIAILS
Loops 1 and 3 at Argonne
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(17)

500° F, pH 7, with Mixed Bed Ion Exchanger

Material

304 SS

304L SS

304 SS Malcomized
309 SS

309 SS Malcomized
310 88

316 Ss

318 8s

321 8SsS

347 S8

410 ss

430 S8

4koC ss

UsSs /W

17-4 PH aged
17-7 PH aged
17-7 hardened
Inconel-X aged
K-Monel aged
Hastelloy-C
L-Nickel
Inconel
Stellite-3
Stellite-6

Loop 1
100 cc Hz/L
1l fpm 3 fom
G G
G G
G G
G G
G G
G G
G G
G G
- G
D G
- G
G -
¢4 G
- G
G -
- G
- G
- D
- D
G G

G = Good; D = Doubtful; P = Poor
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report do not appear on the forms at all because these phases of the in-
vestigation did not lend themselves to quantitative corrosion messurement.

It must be remembered that, although the welght change is an impor-

nkwgféqtor in corrosion evaluation, it can sometimes give an erroneous
Picture of the corrosion. Thus, a zero weight change can be caused by
the formation of an oxide and the loss of some of this oxide by erosion
or flaking.

One of the prime factors to be considered in any corrosion analysis
is the temper of the corrosion film. If the temper is firm, them it must
be assumed that a weight gain is preferable to a weight loss. A weight
gain indicates the formation of a metallic compound, usually an oxide
whose composition is only partly that of the metal, possibly only 1/3.

On the other hand, a weight loss indicates that at least the amount of
loss 1is in actual parent metal. A large loss or a large gain are both
objectionable.

A study of the detailed corrosion rates indicated that the corrosion
rates of most materials decreassed with time. This decreasing corrosion
rate wes attributed either to a reduction in surface open to attack or to
the formation of films which shields the metal from the water. Figure 6
1llustrates this reduction in corrosion rate as found for 30% 88 in hydro-
genated water.

In making the averages of the corrosion rates, the type of corrosion,
gain or loss, was ignored. In rating materials on the basis of corrosion,

however, some allowance should be mede for the fact that a positive cor-

rosion rate is preferable to a negative one. Thus, the corrosion standard
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greding as suggested at Argonne should be adjusted for this factor as
follows:

Grade I: Uniform, adherent corrosion or temper film; no pits
and no welght decrease more than 0.25 mg/cm -mo nor
weight gain more than 0.15 mg/cm2-mo.

Grade II: Uniform corrosion and some loose corrosion products;
no pits and no weight increase in excess of 2.5
mg/cmz-mo nor welght loss in excess of 1.5 mg/cmz-mo.

Grade III: Non-uniform corrosion, pitting, and weight changes
in excess of 2.5 mg/cmé-mo.

It 1s felt that for the package reactor all the materials, where
possible, should fall in Grade I.

Another variation in the test results is caused by different methods
of obtaining the corrosion rates for different materisls. Some investi-
gators feel that the corrosion product must be stripped from its host in
order to obtain the corrosion rate; this is generally shown as a weight
loss. The sbove grading criteria should not be applied in instances where
the corrosion rates were estsblished in thie manner.

The use of the descaling method offers one means of obtaining more
accurate, consistent results. The descaling method, within its accuracy,
enables the investigator to determine the portion of the sample which has
been lost to corrosion. It eliminates all outside influences, such as
the deposition of corrosion products from a different source.

Table LXII shows the relation between corrosion specimens which have
been rated "as is" and specimens which have been electrolytically stripped,
under various water conditions. A close similarity in corrosion rates is
evident between the 30 fps with scale and unscaled conditions, indicating

possibly that the 30 fps fluid does its own descaling.
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Loop Condition
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EFFECT OF ELECTROLYTIC DESCALING ON CORROSION RATES AT
VARIOUS GAS CONCENTRATIONS
Hy0 at 500° F

Corrosion (mg/cmz-mo)
Time As Is Descaled

(hr) 30 fps 1 fpm 30 fps 1 fpm

0-1 cc 03/L

1-5 ce 0p/L

100 cc Hy/L
50 ce Hp/L

25 ce Hy/L

0-1 cec 0z/L

1-5 ec Oo/E
25 cc. Hy/L

50 cc Ho/L

B 89 30k-c-mmmccmceoccm e -————
500 0 0 .01 ‘0 .08 "0 . 2’"
1000 0 0.02 -0,06 -0.08
1000 0.03 0.06 -0.03 -0.03
1000 0.02 0.06 -0.03 -0.05
1500 0.01 0.0k -0.03 0.0
1500 -- 0.02 -- -0.09
500 0.03 0.09 -0.0k4 0
500 0003 0002 -0 002 '0 012
1500 0.01 -- -0.03 --
500 0.02 0 -0.01 0.0
500 0003 0 -0 002 -0 002
1000 0 -0.01 -0.01 -0.01
500 -0 002 O.OII- -0 .Ou -0 002
500 -0.02 0 -0.0k -0.08
------------------ 88 30UL--emcmmmmmemccecccccnca oo
500 -- 0.01 -- -0.12
500 -- 0.03 -- -0.23
1000 0] 0.01 -0.02 -0.06
1000 0.02 -- -0.03 --
1500 0.01 0.03 -0.03 -0.07
1500 0.01 0.02 -0.02 -0.10
500 0.01 0002 -o.ou -0013
1000 -- 0.03 -- 0.05
500 0.01 0 -0.01 -0.03
1000 -0.01 - -0.03 .-
500 - 0 -- 0
1000 0 0 -0.01 -0.01
1500 0 0 -0.01 0




-109-

The greatest disparity in the corrosion results occured in the slow
moving stream where higher corrosion rates were obtained for the descaled
samples.

The majority of the tests whose results were available did not follow
any standarized procedure except such as may have been established within
any specific organization. It is felt, however, that the tests &s run
supplied sufficient accurate data so that the relative merits of the vari-
ous materials could be gaged. In the investigation of materials which
form highly resistant f£ilms, particularly most of the austenitic stainless
steels, fairly accurate results are obtainable on non-descaled samples
when visual inspection augments the weight change.

The many different corrosion rigs prevalent and the varying results
obtained accentuate the need for a standard corrosion test procedure
which would eliminate much of the blind hunting, permit duplication of re-
sults, and make it unnecessary to run numerous tests to establish the
accuracy of the results.

It wes initially hoped that an analysis, such as was made, might
supply information on basic corrosion mechanisms. The erratic results,
while valuable for the selection of specific materials, did not make such
information available. It is hoped that eventual standardization, par-
ticularly in the method of stripping, will permit analysis along more

basic trends.
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6.00 SOME RECOMMENDATIONS FOR DESIGN AND OPERATION OF REACTORS

Loop Cleanliness. The methods for purifying and maintaining pure wa-

ter in the primary loop were discussed in another section of the report.
Of equel importance in obtaining and maintaining a pure water circuit is
the cleanliness of the loop components. The materials undergoing fabrica-
tion and assembly often had embedded in them or on their surface, ironm,
oil, grease, silica, chips, fibers, and other miscellaneous materials.
These materials not only contaminated the water, but also provided foci
for pitting and crevice corrosion formations. The -loop components should
be cleaned, and the specific cleaning process either indicated in detail
on the component drawings or referred to in an appropriate specification.
The suggested cleaning methods follow.

Cleaning Procedures. Oil, grease, paint, dirt, etc., should be re-

moved from all surfaces by detergent, solvent weshing, or vapor degreas-
ing. The detergents should not contain borax or chlorides.

Welds should be wire-brushed with a 300-series stainless steel or a
silicon oxide grinding wheel, weld film (or flash and splatter) being re-
moved until bright metal is secured. Where exceptional corrosion regist-
ance is desired the ground surfaces should be wade even and smooth.

The austenitic stainless steel components should be cleaned in a
commercially available pickling solution, such as 10-15% HNO3 - 2% WF, at
120° - 140° F for 1 1/2 hours. This will remove the embedded iron and

scale and will somewhat passivate the surface. The pickled surfaces
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should be thoroughly rinsed with distilled or deionized water until no
acid reaction is noted with litmus paper. The cleaned surface may be
dried with steam or lint-free cloth.

Foundry Products, Pumps, and Valves. The components should be de-

greased and washed in acid, according to the cleaning procedure above,
before assembling the final unit. Castings should be pickled after final
heat treatment and prior to final machining. Surfaces to be welded should
be wiped free of oil and dirt before welding. Parts fabricated by polish-
ing or lapping should be cleaned with solvents and hot water until all
traces of lapping compound or grit have been removed. No acid cleaning
should take place after polishing.

Fabricated Piping. Piping should be received from the mill in a

pickled condition. The areas adjacent to welds should be wiped free of
0il and dirt prior to welding. The finished Joint should be clear of
all foreign metal, weld splatter, etc. This can be accomplished by wire-
brushing and by grinding as previously described. The complete welded
component should then be cleaned and washed in acid, whenever possible.
It may be difficult to use an acid bath on Piping which is jointed in
the field, but if efficient rinsing is possible, the acid bath should be
considered.

Fabricated Vessels. Vessels, tanks, and columns should be treated

the same as the piping. The cleaning and acid bath should be done after
the vessel has been pressure tested. Distilled water should be used for
pressure testing. The tube side of the heat exchanger should be cleaned

and washed in acid in the same manner.
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Materials Specifications. Specifications in the materials must be

closely followed. Most of the structural components are made of 304 88,
and composition of the specific parte should be accurately ascertained.
Bolts made of 304 SS should have nuts of 303 SS.

General Design Considerations. The design of the piping should be

such that smooth flow of the water is obtained. Sharp corners and dead
spaces should be avoided if posesible. The purge-valve outlet should be
at a low point in the system and preferably in an area of low turbulance,
possibly at the bottom of the reactor. An access hole might be supplied
in one of the primary loop pipes to permit the installation of filters
and/or magnets for the removal of large particles which may be present
initially in the system.

Equipment Exercise. Because of the possible effect of crevice cor-

rosion it is suggested that a schedule of mechanism exercise be worked
out for such devices as the control-rod drives and certain valves. Under
the operating condition of 50 cc HZ/L of water and & water purity of
2ppm, it would be sufficient to operate the idle equipment once every
three months. If the water purity, the hydrogen concentration, or both,
should drop then more frequent exercising is indicated. If no hydrogen
should be present, the equipment should be exercised about once a week.
The extent of exercise must necessarily depend on the reactor operating
conditions. Valves may be barely opened several times. The control-rod
drives should be run, if possible, to give a complete revolution of the

seal rings.
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Degassification. The presence of the dissolved gases normally

found in water has been found, from a corrosion view, to be undesirable
in the primary loop. These gases, which are Primarily carbon dioxide,
nitrogen, and oxygen, should be kept low. Carbon dioxide forms carbonic
acid and lowers the pH and the specific resistivity of the system water.
Carbon dioxide can be removed by the anion resin of the demineralizer,
but this shortens the effective life of the demineralizer. Nitrogen un-
der irradiation can form either emmonia, if hydrogen is present, or ni-
trates and nitric acid. All of these compounds will lower the specific
resistance of the water and increase the possibility of higher corrosion
ratios.

Oxygen is undesirable because it combines with the metals to form
oxides, with carbon to form carbon dioxide, and with nitrogen to form ni-
trates. It is also one of the constituents of water and is therefore
difficult to exclude from the water.

Boiling will remove most of the gases dissolved in water. Since the
basic water source for the APPR primary loop is the distillate from the
evaporator, and is essentially free of dissolved gases, it is necessary
to prevent the reabsorption of the undesirsble gases in the interim han-
dling between the evaporator end the primary loop. One suggested method
of accomplishing this is to maintain an atmosphere of helium sbove the
water during storsge in tanks.

Inhibitors. The use of the austenitic stainless steels for any of
the vessels or piping should provide ample protection against water cor-

rosion, even in oxygenated systems. The effect of transport corrosion




-11h-

products and the presence of other materials than austenitic stainless
gsteels indicate that a corrosion inhibitor should be used. For the pres-
ent, hydrogen in e minimum quantity of 50 cc/L, seems to be the most .
desireble. Provision should be made on the reactor to permit continual
addition of hydrogen to the primary loop to make up for the gas lost

through seal water leakage, through the purge of the water, and through

the pressurizer venting.
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APPENDIX A: MOMENTS OF INERTIA OF FUEL ELEMENTS

b

X

NNUETRLETRUURURARN

&
!

l. PFor x-x exis: ¥y

(a) I =0.030 x 2.53 - 0.020 x 23

12

0.030 x 15.6 - 0.020 x 8

12

0.0257

0.030 x 2.53
12

(b) I 0.039

Ratio = 0.039 = 1.5:1
0.0257

2. For y-y axis:

(a) I =2.5x0.0305- 2 x 0.0203
12
= 4.3 x 10'6
(b) I = 2.5 x 0.0303
12
=56 x 10’6

Ratio Eéé = 1.3:1
3

If we assume that core
contributes nothing to
strength of member then

() I =0bad - nx3
12

If we consider the core
as forming a homogeneous
mass with the caldding then

(b) [ _pad
1=13

d = 2-1/2"

k=2"

h = 0.020

b = 0.030




Material

304 SS
30LL SS
347 ss*
316 SS
17-4 PH
17-7 PH
khoc
410 ss

Monel
K-Monel
Inconel

Inconel-x**

APPENDIX B: COMPOSITION OF MATERIALS(3)

Welght Percent

Fe Cr Ni C Co Cu Si Al Mn P S Mo W B
(max) (max) (max) (max)
Bal 18- 8- 0.08 1.0 2.0 0.0k 0.03
20 11
Bal 18- 8- 0.03 1.0 2.0 0.04 0.03
20 11
Bal 17- 9- 0.08 1.0 2.0 0.0k 0.03
19 12
Bal 16- 10- 0.10 1.0 2.0 0.04 0.03 2.0-
18 14 3.0 .
’_l
Bal 16- 3.5- 0.05 4.0 1.0 1.0 0.0 0.03 2
18 5.0 !
Bal 16- 6.5- 0.09 1.0 0.8- 1.0 0.0k 0.03
18 7.8 1.3
Bal 16~ 1.0- 1.0 1.0 0.0t 0.03 0.8
18 1.2 (max)
Bal 12- 0.15 1.0 1.0 0.0k 0.03
14
1.5 67 30 1.0
1.5 66 0.20 30 3.5
6.5 14.0 78.5 0.08 0.2 0.25 ‘ 0.25
7.0 15.0 T3.0 0.0k 0.4 0.7 0.5



APPENDIX B (Cont)

Material Fe Cr Ni C Co Cu Si Al Mn P S Mo W B
(max) (max) (max) (max)
Hastelloy-C h.5- 15- Bal 0.15 3.8- 1.0 1.0 16-
7 17 L.8 18
A-Nickel 0.15 99.4 0.10 0.10 0.15
Vascoloy-Ramet 166 2- 28- 2- Bal 0.2- 2- 13- 0.2
3 29 2.5 0.3 2.5 1k
Stellite-3 3.0 29- 3.0 2.2- Bal 1.5 0.5 9.5-  .05-
33 2.7 13.5 .20
Stellite-12 3.0 20.5- 3.0 1- Bal 1.7 1.0 6-
32.5 1.1 10
Stellite-6 3.0 26- 3.0 0.9- Bal 1.5 1.0 3.5
31 1.k
322W SS Bal 17.0 7.0 0.07 0.5 0.02 0.5 0.01 0.01
a3
ASME SA 212B Bal 0.35 .15- 0.90 0.0k 0.0k
.30 (min)
* Also 8 x C Cb (min)

*e Also 1.0 Cb(min) and 2.5 Ti(min)
#  Algo 0.7 Ti(min)

A
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APPENDIX C: CORROSION TABLES OF MATERIALS IN WATER

Graphitar=14 eceecccecesessscsscccsoscsscccsccsccsossassassosece
Hastelloy~C ccececcecccescccccccsccccsscvesoresccorccevssccrcsce
TNCONEL cocecccoccscssscsscscccscccccososcsossccssesccsossscscccons
TNconel=X .cecececccccsccccscccsssscsesssscsescccscsccssosccscsons
MONEL ceeovcccccccsccssecssscssscssccsccsesscscssecscscssccccsoccccs
K=MONEL cececccosccccssasscsccssssssscscsssscsscscoscscssvcecessosccssnse
A=Nickel ceveecccscccscssccscnssseccscscossscsccsscensscscoscccne
17=l PH ceeecocecocsccacccscccesscsoscccsccscscssocscccssscscsscce
1T7=T7 PH cececccesscccsccosscocsscscsccooscccosossccscocseoscscscoscccns
30l SS cesecsccccccccrsccccsscsscsccossessocscsnssccscceccseceos
30UL SS eeesecercccssssscccccssccssccscccsossrscaccssssrccccccses
316 SS eeseccecrsssscssssssccssssscescsscecessccsossscasscsssnce
322W SS ceeeecceccccsscsccssccscsesscsossrscccscsosevscossonsscccncs
34T SS tecececcccecsccecscscsscsssssscccssscsccsssssoscssscsocsss
L10 SS ceeececeasccssccosssssesccssscscssccasasacsccscesssscccns
LEOC SS eevescesessscessscecssssescseccssccscsosecsosscsssccccccs
Stellite=3 cceccccceescsecsscscsssccsccssscsccesscncscscssccsane
St€111te=6 ceeceseccccssssssoccscsssssceccssssscscscscsasscscsss

Stellite-lz '...0.......................0...'.........Q.‘,......

vasccloy-Ramet 166 I.’...........'..............0................

Page
127
128
129
132
133
135
138
139
142
14
149
151
154
156
161

163

16

166
168
169




MATERIAL __GRAPHITAR-14

Corrosion Rates in mg/cmz-mo

~LT1-

Dissolved Gases Irrodiated
Ti . D Flo Resist. Welded Heat Treatment | Surface Finish | T
No.| |Im® | Tame Oxygen Hydragen egossed - Dei. es,:s' Add. | pH FaT ° ° L] Dtress : T Reference Remarks
the) | (°F) Corr. (fps) | Corr. (megohm-cm) (10'9 vty Corr | Type | Corr. | Type | Cor. | ®5) | Type | Corr Type
{ce/L}| Core. | (cc/L)| Corr. v
1 120 500 8.40 3) 8.40 ANL 4519
2 32 250 0.18 ANL-4519
3 681 250 2.94 ANL-4519
4 375 500 30 12.00 (3) 12.00 ANL-4519
5 (1212 500 30 —4.20 (3) -4.20 ANL-4519
6 | 2022 500 30 —5.00 (3) —5.00 ANL-4519
7 12712 500 30 —6.60 3) —6.60 ANL-4519
8 (3517 500 30 —4.30 (3) -4.30 ANL-4519
GENERAL KEY
Time — Length of submersion Add. - Additives Welded (Type) Surface Finish (Type) Treotment (Type)
Flow 1. NaOH 1. As welded 1. Vopar-blosted 1. Malecomized
2. LiOH 2, Quenched 1900° 2. Mochined 2. Chrome-plated
1. Autoclave . N
Dei. — Deionize 3. HyBO, Heat Treatment (Type) 3. Electropalished 3. Scottsonized
oi. — .
4. Passivoted 1. Annealed 4. Ground Reference — Reference in bibliography
Resist. — Resistivity Ireadiated 2. Hardened 5. Passivated

R _ . .
1. Distiiled water emarks — Color refers to oxide film

F&T - Fast ond thermal neutrons




e

MATERIAL

HASTELLOY-C

Corrasion Rates in mg/cmZ-mo

Dissolved Gases Irradioted
No. Time szp- Oxygen Hydrogen Degossed Flow Dei Resist. Add. pH F&T Helded Heat Trectmen? Sne‘ss Surfoce Tinish | Trmatment Reference Remarks
thy | OF) 0] con Tear | com Corr, (fps) | Corr. (megohm-cm) (10'% ) Corr. | Type | Corr. | Type | Com. | (PS) | Type | Corr. Type

1 | 284 | 600 30 —0.05 M | -0.05 | 1)) ANL-4519

2 | 790 | 500 30 —0.05 (| -0.05 (1) (1) |~0.05 ANL-4519

3 | 790 | 500 30 —0.42 (| -0.42 M m  |-0.42 AML-4519

4 11503 | 500 30 0.37 U] 0.37 (1 m 0.37 ANL-4519

s [1503 | 500 30 —0.027 1y |-0.03 n - 1 | -.03 ANL-4519

6 620 | 500 1-3 —2.13 Yes (2)(3) 9 ANL-5059

7 |a380 | 540 ; - }0 0.29 2 ANL-5059

8 |4380 | 540 (a) 0.07 (2) ANL-5059

9 | 168 | 600 0.02 See Ref 122
* 10 | 168 | 600 0.01 See Ref 122

Time — Length of submersion

Flow

1. Avutoclave

Dei. — Deionize

Resist. — Resistivity

1. Distiiled water

Add. - Additives

1. NoOH

2. LiOH

3. Hy BO3

4. Passivated

Irradioted

8T — Fost and thermol neutrons

1

GENERAL KEY

Welded (Type)
As welded

2. Quenched 1900

Heat Treatment (Type)
1.

Annealed

2. Hardened

Sueface Finish (Type)
Vapor-blasted
. Machined

- AW N -

Electropalished
Ground

Passivated

SPECIAL CODE

Treatment {Type) {a) Control
1. Molcomized
2. Chrome-ploted
3. Scottsonized

Reterence — Reference in bibliography

Remarks — Color refers to oxide filin

-8¢l-




MATERIAL _INCONEL
Corrosion Rates in mg/cm2-mo
Dissolved Goses irradioted
No. Time T:mp. Onyaen Hydrogen Degassed Flow Doi. Resist. Add. oH ot Welded Heat Treatment | Sgress | Surface Finish | Trearment Referonce Remarks
| @R Corr. (fps) | Corr. (megohm-cm) (10 | €O | Tyee | Corr | Type | Carr.| ®5) [ Type | Corr. Type
{ec/L) Corr. {ce/L) | Corr.

1 895 600 35 0.07 (1 0.07 (a)(b) | -0.07 ANL-4519 Good

2 3149 600 3-5 0.15 {H 0.15 {a){b} 0.15 ANL-4519 Good

3 324 500 30 0.26 () 0.26 ANL-4519 Good

4 1210 500 30 -0.09 {1) 0.09 ANL-4519 Good

5 1964 500 30 0.08 (1) 0.08 ANL-4519 Good

6 2750 500 30 -0.12 ) -0.12 ANL-4519 Good

7 3464 500 30 -0.017 (1) -0.02 ANL-4519 Good

B8 | 2248 500 30 -0.11 (1} —-0.11 ANL-4519 Good

9 3010 500 30 -0.53 (1) -0.53 ANL-4519 Good
10 | 3749 500 30 -0.11 (1) ~0.11 ANL-4519 Good
11 4540 500 30 -0.45 n ~0.45 ANL-4519 Good
12 5349 500 30 -0.09 (1) -0.09 ANL-4519 Good
13 6062 500 30 -0.02 [4)] -0.02 ANL-4519 Good
14 500 500 1.7 -0.04 30 -0.04 {n 10 ) -0.04 ANL-4519 Good
15 500 500 2.1 -0.11 30 -0.Nn 7 (&)} -0.11 ANL-4519 Good
16 850 500 1.7 0.03 30 0.03 ) 10 (1) 0.03 ANL-4519 Good
17 850 500 2.1 -0.29 30 -0.29 7 [4)] 0.29 ANL-4519 Good
18 | 1350 | 500 1.7 0 30 0 ) Y n 0 ANL-4519 Good
19 1350 500 2.1 -0.22 30 -0.22 7 (1 -0.22 ANL.-4519 G ood
20 500 500 1.7 —0.02 30 -0.02 (1) 10 ANL-4519 Good
21 500 500 1.7 0.02 0.01 0.02 [4}) 10 ANL-4519 Good
22 500 500 2.1 -0.10 30 -0.10 7 ANL-4519 Good
23 500 500 2,1 0.07 0.01 0.07 7 ANL-4519 Good
24 850 500 1.7 -0.02 30 ~0.02 (1) 10 ANL-4519 Good
25 850 500 1.7 0.02 0.01 0.02 ) 10 ANL-4519 Good
26 850 500 2.1 -0.30 30 -0.30 7 ANL-4519 Good
27 850 500 2.1 -0,02 0.01 [ -0.02 7 ANL-4519 Good
28 | 1350 | 500 1.7 -0.02 30 (1 10 ANL 4519 Good
29 1350 500 1.7 0.02 0,01 0.02 ) 10 ANL-4519 Good
30 1350 500 2.1 ~0.22 30 7 ANL-4519 Good
31 1350 500 2.1 0.01 0.01 0.01 7 ANL-4519 Good
32 280°C T=9 =0.11 ANL-4519 Good
33 1000 500 0-1 ~0.14 0.01 -0.14 WAPD-C-110 Good
34| 1000 500 0-1 -0.70 30 -~0.70 WAPD-C-110 Good
35 | 1500 500 1 -0.62 30 -0.62 | Yes WAPD-C-110

Time — Length of submersion

Flow

1.

Autoclave

Dei. - Deionize

Resist. — Resistivity
1.

Distiiled water

Add. - Additives
1. NoOH

2. LiOH

3. H3303

4. Passivated

trrodiated

F&T - Fast and thermal neutrons

e ——

GENERAL KEY

Welded (Type)
As welded

2, Quenched 1900°

Heat Treatmant (Type)

. Annealed
2. Hordened

Surface Finish (Type)

1. Vopor-blasted
2. Machined

(LI )

Electropolished
. Ground

. Passivoted

Teeatment (Type)

1. Malcomized

2, Chrame-ploted

3. Scottsonized

Reference ~ Reference in bibliography

Remorks — Color refers to oxide film

SPECIAL CODE

(a) Tensile
(b} 10,000

-al-




MATERIAL _INCONEL (continyed)

Carrosion Rates in mg/cmz-mo

Dissolved Gases Irradiated

. Time Tgmp. ergen Hydrogen Degassed Flow Dei. Resist. Add. oH Fat Welded Heat Treatment s.,e.s, Surface Finish | Treatment Roferance Remarkss
the) | (°F) ool o Tean T com Corr. (fps) | Corr. (inegohm-cm) (1019 nu) Corr. | Type | Corr | Type | Com. | (PSi) | Type | Corr. Type

36 | 1500 | 500 1 -0.18 0.01 | -0.18 | Yes WAPD-C-110

37 | 1000 | 500 4.5 200 0 Yes (4) 0 WAPD-C-110

38 500 | 500 40 0 30 0 Yes WAPD-C-110

39 ! 500 | 500 40 0.01 0,01 0.01 | Yes WAPD-C-110

40 500 | 500 40 0 30 0 Yes WAPD-C-110

a1 500 | 500 40 0.02 0.01 0.02 | Yes WAPD-C-110 Thin, loose

42 | 1500 | 500 200 0 30 0 Yes WAPD-C-110 Good

43 500 | 500 2 0.08 20 0.08 2) 10 WAPD-C-122 Black film

44 500 | 500 2 0.08 20 0.08 (2) 10 WAPD-C-122 Black film

45 | 1900 | 500 200 0 30 0 W APD-C-122 Good

46 | 500 | 500 100 | —0.01 20 -0.01 WAPD-C-125 Light

47 | 1000 | 500 100 | —0.02 20 -0.02 WAPD-C-125 Light

48 | 3000 | 500 200 | -0.01 30 -0.01 4) | -o0.01 WAPD-C-135 Light

49| 1000 | 500 50 0 30 0 WAPD-C-135 Good

50 580 | 500 20 0.07 | Yes 2) 10.5 (2) 0.07 WAPD-C-141 Black

51| 3600 | 500 200 0.01 30 0.01 | Yes WAPD-C-141 Good

52 | 1500 | 500 50 | —0.01 30 ~0.01 | Yes WAPD-C-141 Good

53 500 | 500 1 -0.35 30 -0.35 WAPD-C-141

54 | 1000 | 500 ) -0.12 30 ~0.12 WAPD-C-141

55 | 1500 | 500 1 —0.48 30 ~0.48 WAPD-C-141

56 | 500 | 500 1 0.21 0.01 0.21 WAPD-C-141

57 | 1000 | 500 1 —0.14 0.01 | -0.14 WAPDC-141

58 | 1500 | 500 1 —0.06 0,01 -0.06 WAPD-C-141

59| 500 500 25 0 30 0 WAPD-C-141

60 500 | 500 25 0.01 0.01 0.01 WAPD-C-141

61 500 | 500 50 | -0.01 30 —0.01 WAPD-C-141

62| 500 | 500 50 | -0.01 0.01 | -0.01 WAPD-C-141

63 ] 1000 | 500 50 0 30 0 WAPD-C-141

64 | 1000 | 500 50 | —0.01 0.01| -o0.00 WAPD-C-141

65| 1500 | 500 50 0 30 0 WAPD-C-141

66 500 | 500 100 0 30 0 WAPDC-141

67 500 500 100 0 0.01 0 WAPD-C-141

68| 702| 500 100 | -o0.01 10 -0.01 @ | -o.01 WAPDC.137 Golden

69| 500| 500 0.2 -0.67 30 —-0.67 | Yes ANL-5011

70{ 500] 500 0.2 ~0.11 0.01| -0.11] Yes ANL-5011

Time — Length of submersian

Flow

1, Avutoclave
Dei. — Deicnize

Resist. — Resistivity
1. Distiiled water

Add. — Additives
1. NoOH
2. LiOH
3. H:’BO3
4, Passivated
irradioted
F&T — Fast and

thermal neutrons

GENERAL KEY

Welded (Type)
1. As welded
2. Quenched 1900°

Heat Treatment (Type)
1. Annealed
2. Hardened

Surfoce Finish (Type)
Vapor-blasted

. Mochined
Electropolished

. Ground

N

Possivated

Treatment {Type)
1. Malcomized
2, Chrome-ploted
3. Scottsonized

Reference ~ Reference in bibliography

Remarks — Color refers to oxide film

-0€1-




MATERIAL _INCONEL (continued)

Corrosion Rates in mg/cmZ-mo

Dissolved Goses irradiated
No. Time T:mp. Onygen Hydrogen Degassed Flow Dei. Resist, Add. oH ot Welded Heot Tre atment S'refs Sutface Finish | Traatment Reforence Remorks
(hr) (°F) Cors. (fps) | Corr. (megohm-cm) (1019 vy Corr. | Type | Corr. Type Corr. (psi) Type | Corr. Type
(ec/L)| Corr. |[(eesL)| Corr.
71 500 500 50 0 30 0 Yes ANL-5011
72 500 500 50 0 0.01 0 Yes ANL-5011
73 500 500 -0.03 30 -0.03 | Yes ANL-5011
74 500 500 -0.03 0.01 -0.03 | Yes ANL-5011
75 1000 500 50 0 30 0 Yes ANL-5011
76 1000 500 50 -0.01 0.01 -0.01 Yes ANL-5011
77 1500 500 -0.07 30 ~0.07 | Yes ANL.5011
78 | 1500 | 500 ~0.03 ~0.03 | Yes ANL-5011
79 250 500 2.4 200 -0.04 30 0.04 ANL-5011 Aerated
80 250 500 200 0 (a) ANL-5011 Deaerated
81 500 500 2 -0.52 30 -0.52 | Yes {n 0.52 ANL-5011
82 500 500 2 -0.27 0.01 -0.27 | Yes 1) -0.27 ANL-5031
83 500 500 500 -0.06 30 -0.06 | Yes (1) —0.06 ANL-5011
84 500 500 500 —0.08 0.01 —0.08 | Yes (1) -0.08 ANL-5011
85 500 500 -0.14 Yes 1) -0.14 ANL-5011
86 500 500 -0.08 Yes (1) —-0.08 ANL-5011
87 620 500 1-3 0.09 (2)(3) 9 ANL-5059
88 620 500 1-3 0.27 (2)(3) 9 ANL-5059
89 1500 500 50 0.01 30 0.01 | Yes 0.5-1.7 6.6-7.4 ANL-5059 Good
90 500 500 -0.03 30 -0.03 | Yes ANL-4950
2 1500 500 -0.03 0.01 -0.03 | Yes ANL 4950
92 1500 500 -0.07 30 -0.07 | Yes ANL-4950
93 1500 500 -0.03 0.01 -0.03 | Yes ANL-4950
94 500 500 100 0 30 0 Yes ANL-4950
95 500 500 100 0 0.0} 0 Yes ANL 4950
96 500 500 50 0 30 0 Yes ANL-4950
97 500 500 50 0 0.01 0 Yes ANL 4950
98 1000 482 1200 3.40 ORNL-1605
99 1000 482 1200 0 ORNL.1605
100 2160 500 30 -1.88 10 —1.88 | Yes 14.3 6.15 See Ref 52
101 1440 500 30 0.12 0.01 012 | Yes 14.3 6.15 See Rof 52
102 2160 500 30 -1.72 10 ~1.72 | Yes 14.3 6.15 (1) -1.72 See Ref 52
103 1440 500 30 0.03 0.01 0.03| Yes 14.3 6.15 ’ 1) 0.03 See Ref 52
104 250 500 230 ~0.15 Yes See Ref 52

Time — Length of submersian

Flow

1.

Autoclave

Dei. — Deionize

Resist. — Resistivity

1.

N ——

Distiiled water

Add. - Additives

1. NaOH

A WN

lrradiated

. LiOH
. HJBOJ

. Passivated

GENERAL KEY

Welded (Type)
1. As welded
2. Quenched 1900°

Heat Treatment (Type)
1. Annealed
2. Hardened

F&T — Fast oand thermal neutrons

Surface Finish (Type)
1. Vapor-blasted
2. Mochined
3. Electropolished
4. Ground
5. Passivated

Treatment (Type)

1. Malcomized

2. Chrome-plated

3. Scottsonized

Reference — Reference in bibliography

Remarks — Colar refers to axide film

SPECIAL CODE
(a) Pickled

-i€t-
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MATERIAL INCONEL-X
Corrosion Raotes in mg/cmz-mo
Dissolved Goses frradioted
No. 1(-::; 1;::;) Oxygen Hydrogen De(g:::rs.ed ('PS)HOZD" Dei., (mf:::':"_.cm) Add. pH f:gT Corr. T WEIdecd H:u' Trea'g\en' 5(':;5)5 Surface Finish Tn?ra'meni Reference Remarks
{ee/t)| Corr. |tec/ly| Corn. : (10"7 vy yee | Corr. | Type | Corm Type | Corr. vPe

1 353 | 500 | 30 0.17 4] 0.17 (a) 0.17 ANL-4519 Good

2 280°C 9 —0.15 RH-3

3| 1000 [ 500 | 4.5 200 0 Yes WAPD-C-110 Good
a | 1500 [ s00 200 0.02 30 0.02 | Yes WAPD-C-115 Good
5| 1900 | 500 200 | -0.01 30 | -0.01 | Yes WAPD-C-122 Good
6| 836 | 500 | 0.1 2 | -0.01 10 | -0.00 10.5 WAPD-C-125 Straw
71 83 | 500 | 0.1 2 0 10 0 10.5 WAPD-C-125 Straw
8 | 500 | 500 _0.06 30 -0.06 WAPD-C-129 Good
9| so0| s00 -0.03 0.01| -0.03 WAPD-C-129 Good
10| 500] 500 | 1 -0.35 30 | -0.35 | Yes WAPD-C-129 Doubtful
1 s00 | 500 | 0.01 0.01] 0.00 | Yes WAPD-C-129 Good
12 | 3000 [ 500 200 | -0.01 30 | -0.01 | Yes WAPD-C-135 Good
13| soo| 500 100 0 10 0 WAPD-C-141

14| 500 | 500 10 0.06 | Yes 2) 10.5 WAPD-C-141

15 | 3600 | 500 200 0 30 0 Yes WAPD-C-141 Good
16| 500 | 500 50 | -0.02 30 | -0.02 | Yes WAPD-C-141 Good
17| 1500 | 500 | 1 ~0.30 30 | -0.30 WAPD-C-141 Doubtful
18| 1500 | 500 [ 1 —0.06 0.01| —0.06 WAPD-C-141 Good
19 | 1000 | 500 -0.04 30 -0.04 WAPD-C-137 Doubtful
20 | 1000 | 500 | 1 -0.35 30 | ~0.35 WAPD-C-137
21 250 | 500 200 | -0.08 30 | -0.08 ANL-5011
22 | 250 | s00 200 | -0.10 0.01| -0.10 ANL-5011
23| 500| 500 50 0.02 30 0.02 | Yes| 0.5-1.7 6.6-7.4 ANL-5059 Good
24 | 1000 | 500 50 | —0.04 0.01} —0.04 | Yes| 0.5-1.7 6.6-7.4 ANL-5059 Good
25 | 250 | 500 200 | -0.08 30 | -0.08 ANL-4950
26 | 250 | 500 200 { -0.10 0.01| -0.10 ANL-4950
27 | 1000 | 482 | 1300 4.30 31 4.30 ORNL-1605
28 | 1000 | 482 1200 0 31 0 ORNL-1605
29| 720| 600 | 64 -0.06 See Ref. 122

GENERAL KEY SPECIAL CODE
Time — Length of submersion Add. — Additives Welded (Type) Surface Finish (Type) Treatment (Type) (a) Cold drawn
Flow 1. NoOH 1. As welded 1. Vapor-blosted 1. Malcomized
1. Avtoclave 2. LiOH 2. Quenched 1900° 2. Machined 2. Chrome-plated
Dei. — Deionize i. :253230'“! Heat Treatment (Type) i E:ZZ::DO'IShEd 3. Scottsonized
o 1. Aanealed . " Reference — Reference in bibliography
RTis;is_ﬁﬁ:‘::::y |,,:di°.ed 2. Hardened 5 Passivated Remarks — Color refers 1o oxide film
. &T -- Fast ond thermal neutrons
. . ] . . ]
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MATERIAL MONEL
Corrosion Rates in mg/cm2-mo
Dissolved Gases Irradiated
No. .:}"':': T(:';‘;’ Oxygen Hydrogen D'g:f’:ed (fps)FIN;o" Dei. (mf::}:;'_'cm) Add. | pH FaT | o wew? HT"' Treatment 5("‘;'7)’ Surbace Finish T".’r""""' Reference Remarks
(/)| Corn [teeny| cor : (1017 vy ype | Core. | Type | Cor. | IP*D | Type | Corr. Yee

1 500 | 500 | 1.7 -0.27 30 -0.27 (1) (1) 10 ANL-4519

2 500 | 500 | 1.7 0.04 0.01 0.04 (1 (1) 10 ANL-4519

3 500 | 500 | 2.1 —-0.76 30 ~0.76 [§)] 7 ANL-4519

4 500 | 500 | 2.1 -0.03 0.01 | -0.03 (1) 7 ANL-4519

5 850 | 500 1.7 -0.09 30 —0.09 m 1) 10 ANL-4519

6 850 | 500 | 1.7 ~0.04 0.01 | -0.04 1) m 10 ANL-4519

7 850 | 500 | 2.1 —0.29 30 —0.29 () 7 ANL-4519

8 850 | s00 | 2. -0.22 0.01 | -0.22 (1) 7 ANL-4519

9 | 1350 | s00 | 1.7 -0.15 30 -0.15 ) ) 10 ANL-4519
10 | 1350 | 500 | 1.7 -0.0 0.01 | -0.01 ) ) 10 ANL-4519
11 | 1350 | 500 | 2.1 —0.46 30 ~0.46 ) 7 ANL-4519
12 | 1350 | 500 | 2.1 —0.14 0.01 | -0.14 1) 7 ANL-4519
13 349 | 500 | 30 -0.27 1) -0.27 (h ANL-4519
14 | 3000 | 500 200 | -0.01 30 ~0.01 | Yes WAPD-C-135 Good
15 500 | 500 20 0.03 | Yes (2) 10.5 WAPD-C-141 Dull
16 500 | 500 10 -0.09 | Yes (2) 10.5 WAPD-C-141 Dull
17 500 | 500 | 0. 100 0 10 0 Yeos WAPD-C-141 Bright
18 | 3600 | 500 200 0.01 30 0.01 | Yes WAPD-C-141
19 250 | 500 200 0.21 30 —0.21 | Yes ANL-5011
20 250 | 500 200 0.03 0.01 | ~0.03 Yes ANL-5011 Aerated
21 500 | 500 | 0.2 | -12.50 30 —12.50| Yes ANL-5011
22 500 500 0.2 -2.10 0.01 2,10 | Yes * ANL-5011
23 500 500 | 2 —3.70 30 -3.70 | Yes ANL-501}
24 500 | 500 | 2 2.30 0.07 2.30 | Yes ANL-5011
25 500 | 500 500 0.02 30 0.02| Yes ANL-5011

_26] 500 500 500 | -0.01 0.01 | —0.01] Yes ANL-5011
27 500 | 500 -1.83 30 ~1.83 | Yes ANL-5011
28 500 | 500 —0.19 0.01 | —~0.19 Yes ANL-5011
29 620 | 500 | 1-3 0.20 Yes (2)(3) ANL-5059
30 | 4380 | 540 F=1 |[0.23 ANL-5059
=10
31 | 4380 540 () |-0.80 ANL-5059
32 250 | 500 200 | -0.21 30 -0.21 ANL-4950
33 250 | 500 200 | -0.03 0.01 | -0.03 ANL-4950
34 | 1032 600 -0.05 See Ref. 122
GENERAL KEY SPECIAL CODE
Time — Length of submersion Add. — Additives Welded (Type) Surface Finish (Type) Treatment (Type) {a) Control
Flow 1. NaOH . As welded 1. Vapor-blasted 1. Malcomized
1. Autoclave 2. LiOH 2. Quenched 1900° 2. Machined 2. Chrome-plated
Dei. — Deionize i sisBs()iao'ed Heat Treatment (Type) 3 Z::::panshed 3. Scottsonized
Resist, — Resistivity 1. Annsaled 5: P ated Reference — Reference in bibliography

1. Distiiled water

lrrodiated

F&T — Fast and thermal neutrons

2. Hordened

Remorks — Calar refers to oxide fitm

S ——

~Eel-
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MATERIAL MONEL (continued)
Corrosion Rates in mg/cmz-mo
T Dissolved Gases F Irradiated
i T . o} ow i Welded .
" ;‘me :';p omven Hydromn eéussed Do, Res'-l‘s'. Add, oH ot elde Heat Treatment Shelss Surface Finish | Treatment Reference Remorks
the) | (°F) o] o T cor orr. (fps) | Corr. (megohm-cm) (1017 vy Core. [ Type | Corr. | Type | Com. | (P} | Type | Corr. Type
35 720 | 600 0.13 See Ref. 122
36 720 | S00 -0.02 See Ref. 22
37 168 | 600 0,02 See Ref, 122
GENERAL KEY
Time ~ Length of submersion Add. — Additives Welded (Type) Surface Finish {Type) Treatment (Type)
Flow 1. NaOH 1. As welded 1. Vapor-blasted 1. Moicomized
1. Autoclave 2. LiOH 2. Quenched 1900° 2. Machined 2. Chrome-plated
oo Deiomre 3. H:!BO3 Heat Treatment (Type) 3. Electropolished 3. Scottsonized
o1, — H
4. Passivated 1. Annealed 4. Ground Reference — Reference in bibliography
Resist. — Resistivity \sradiated 2. Hardened 5. Passivated
i . Remarks — Color refers to oxide film
- Distilled water F&T — Fast and thermal neutrons
[y . ] . * .




MATERIAL __K-MONEL
Corrosion Rates in mg/em2-mo
Time | Tem Dissolved Gases Degassed Flow Resist. Lreadioted Welded Heat Treatment | Syress | Surface Finish | Treatment
No- |y | ory Oxygen Pydrogen Core. [ (tpa) | Corrr | °° | (megohmecmy | A4 | P T | o [Tyme | Com: Type | Com. | ®5) | Type | Com. | Type Referonce Remorks
(ce/L)| Corr. | (ece/l}]| Corr. (10'7 avy)
1 | 5970 | 500 30 -0.21 ) ANL-4519
2 | 895 | 600 3-5 | ~0.056 30 —0.056 (a) (b) ANL 4519 Good
3 | 6301 [ 500 30 —0.03 ANL-4519 S-Monel
4 | 850 | s00 2.1 30 0.40 n 10 m 0.40 ANL4519
5 | 1350 | 500 2.1 30 0.45 7 m 0.45 ANL-4519
6 | 895 | 600 3-5 0.24 ANL 4519 S-Monel
7 | 500 |so0 17 ] -0.33 30 -0.33 1) 10 (2) 0.33 ANL-4519
8 | 1350 | 500 1.7 30 0,04 () 10 ANL-4519
9 | 1350 {500 1.7 001 | 0 m 10 ANL4519
10 | 1655 | 540 T=3.33] 0.3 (2) 0.03 ANL 4795
11 | 1655 | 540 T=3.33| 0,01 m 0.01 ANL-HE-1101
12 | 1655 | 540 T=3.33| 0.05 ) 0.05 ANL-HE-1101
13 | 1655 | 540 T=333[ 0 (2) 0 ANL-HE-1101
14 | 324 500 30 0.15 [§}] 0.15 m ANL4519 Poor
15 | 652 | 500 30 0.22 ) 0.22 m ANL4519
16 | 1393 | 500 30 -0.54 (1) 0.54 Q] ANL-4519
17 | 2111 | s00 30 —0.89 m 0.89 (1 ANL 4519
18 | 2895 | 500 30 0.31 () 0.31 (1) ANL-4519
19 3605 | 500 30 —0.15 (1} 0.15 m ANL 4519
20 | 4493 | 500 30 0.09 m 0.09 (1) ANL 4519
21 | 5234 | 500 30 -0.84 m 0.84 ) ANL-4519
22 | 500 | 500 1.7 | —0.06 30 —0.06 m 10 1 0.06 ANL-4519
23 | 500 | 500 .7 0.05 0.01 | 0,05 (y 10 (1) 0,05 ANL 4519
24 500 | 500 2.0 | —0.56 30 —0.56 7 (1) | -0.56 ANL 4519
25 | 500 | 500 2.1 0,04 0.01 | —0.04 7 () | .04 ANL 4519
26 | 850 | 500 7 {-0.03 30 —0.03 () 10 m —0.03 ANL 4519
27 | 8so0 | se0 1.7 |-0.04 0,01 | —0.04 n 10 n —0.04 ANL 4519
28 850 | 500 21 [ -0.00 0.01 | -0.01 7 m -0.01 ANL 4519
29 | 1350 | s00 17 {-0.04 30 -0.04 1) 10 ) | -0.04 ANL 4519
30 | 1350 | 500 1.7 0 0.01 | o [§)) 10 ) 0 ANL-4519
31 | 1350 | 500 2.1 0.01 0.01 | 0.01 7 m 0.01 ANL 4519
32 | 500 | 500 1.7 0,04 0.01 | 0.04 ) 10 (2) 0.04 ANL 4519
33 500 | 500 2.1 (-0.54 30 —0.54 7 2 | -0.54 ANL 4519
34 500 | 500 21 [-0.01 0.01 | -0.01 7 (2) -0.01 ANL 4519
35 672 | 500 ~0.02 Yes ANL-4519

Time — Length of submersion

Flow

1. Autoclave

Dei. — Deionize

- ——

1. Distiiled water

Resist. — Resistivity

Add. - Additives

1. NaoOH
LiOH

2.
3. HJ 803
4, Passivated

Irradiated

F&T — Fast and thermal neutrans

GENERAL KEY

Welded {Type)

1. As welded
2. Quenched 1900°

Heot Treatment {Type)

1. Annealed
2. Hardened

Surface Finish (Type)
1. Vapor-blasted
. Mochined

Electropolished

2
3
4., Ground
5.

. Passivated

Treatment (Type)
1. Moalcomized
2, Chrome-plated
3. Scottsonized

Reference - Reference in bibliography

Remarks — Color refers to oxide film

SPECIAL CODES
(a) Cold drawn

(b) 10,000

-GE |-




MATERIAL __ K-MONEL (continued)
Corrosion Rates in mg/cmZ.mo
Dissolved Gases Irradiated
Time | Temp. Degossed Flow . Resist, Welded Heat Treatment Stress Surface Finish | Treatment
Noo| oy | OF) Oxygen Hydrogen Comn. v | comn Dei (megohm-cm) Add. pH I:S.T Cor. [ Tome | o oo | Com ] tbsd Tvoe | Com. Type Reference Remarks
(cesLy| Com. [ (cerl)| Corr. (1077 nvt)
36 | 1032 | 500 -0.04 Yes ANL 4519
37 | 2160 | 500 30 ~2.47 10 -2.47 14,3 6,15 2) -2.47 See Ref 52
38 | 1440 | 500 30 —0.40 0.01 | -0.40 14,3 6,15 (2) -0,40 See Ref 52
39 | 1350 | 500 1.7 ~0.04 30 -0.04 (1) 10 (1) -0.04 ANL-4519
40 | 1350 | 500 1.7 0 0.01 0 [§)] (1) 10 (1 0 ANL 4519
41 | 1350 | 500 2.1 ~0.45 30 0,45 | (1) 7 (1) —0.45 ANL 4519
42 | 1350 | 500 2. 0.01 0.01 0.0t | (1) 7 () 0.01 ANL 4519
43 | 1350 | 500 1.7 ~0.18 30 0,18 | (1) ) 10 (2) -0,18 ANL-4519
44 | 1350 | 500 1.7 0 0.01 0 (n 45} 10 ANL 4519
45 | 1350 | 500 2.1 0,44 30 0,44 | (1) 7 (2) -0.44 ANL-4519
46 | 1350 | 500 2.1 -0,05 0,01 | -0,05 | (1) 7 (2) -0.05 ANL-4519
47 620 |{ 500 1-3 0.12 11 032 | (1) (2)(3) 9 ANL-5059
48 250 | 500 200 -0,04 30 -0.04 | Yes ANL 4950
49 250 | 500 200 ~0.08 0.01 | 0,08 | Yes ANL-4950
50 | 2000 | 540 T=3 0.02 ) 0.02 ANL 4795
51 | 2000 | 540 T=3 0.05 (1) 0.05 ANL4795
52 250 | 500 200 -0.04 Yes 30 0,04 | Yes ANL-5011
53 250 | 500 200 -0.08 Yes 0.01 | ~0.08 | Yes ANL-5011
54 250 | 500 2.4 200 ~0.03 No 30 -0.03 | Yes ANL-5011
55 | 1655 | 540 T=333] 0.05 ) 0.04 ANL-5011
56 | 1655 | 540 T=3.33| 0,03 (2) 0.03 ANL-5011
57 280°C T=9 -0.33 RH-3
58 280°C T=8 0.03 n 0,03 RH3
59 280°C T=9 -0.23 n -0,23 RH3
60 280%C T=8 0.02 2) 0.02 RH-3
61 280°C T=9 —0.27 (2) -0.27 RH3
62 | 1000 | 500 4.5 200 0 Yes WAPD-LC-110 Fair
63 | 1500 | 500 200 0.01 30 0,01 | Yes WAPD-C-115 Good
64 | 1900 | 500 200 -0.02 30 0,02 | Yes WAPD-C-122 Good
65 | 3000 [ 500 200 -0.01 30 0,01 | Yes WAPD-C-135 Good
66 | 3600 {500 200 0.03 30 0,03 | Yes WAPD-C-141 Good
&7 250 { 500 200 -0.04 30 0,04 | Yes ANL-5011
68 250 | 500 200 ~0.08 0.01 | ~0.08 | Yes ANL-5011 Deaerated
69 250 | 500 2.4 200 30 -0,03 ANL 5011 Aerated
70 2000 | 500 T=3 0.04 ANL-5011
GENERAL KEY
Time — Length of submersion Add. — Additives Welded (Type) Surface Finish {Type) Treatment (Type)
Flow 1. NaOH L As welded 1. Vapor-blasted 1. Malcomized
1. Autoclave 2. LiOH 2. Quenched 1900° 2. Machined , 2, Chrome-p.h,ea'
Dt - Detanize i. Ezfﬁsa.ed Heat Treatment (Type) i. Z:z::pullshed 3. Scottsonized o
' 1. Annealed : Reference — Reference in bibliography
Resist. ~ Resistivity lrradiated 2. Hardened 5. Passivoted Remarks — Color refers to oxide filn

1. Distiiled water

F&T - Fast and thermal neutrons

-98 l_




K-MONEL (continued)

MATERIAL
Corrosion Rates in mg/cm2-mo
Dissolved Gases lrrodiated E

f D Flow Resist. Welded Heat Treatment S Surface Finish | Treot t
Ne. Time T:mp. Oxygen Hydrogen egassed Dei, esist Add. oH FaT trevss r?ra men Reference Remarks

the) | (°F) Corr. (fps) | Corr. (megohm-cm) (1017 nupy] € | Tyee | Cor. | Type | Com. | (psi) Type | Corr. ype

(cc/L)| Core. |(cesly| Corr. nv1)

69 2000 | 500 T=3 0,01 ANL 5011
70 168 | 500 0.02 See Ref 122
71 168 | 500 33 0.23 (1) 0.23 See Ref 122

-

Time ~ Length of submersion

Flow
1. Autoclave

Dei. — Deionize

Resist. ~ Resistivity
1. Distiiled water

Add. — Additives
1. NoOH

2. LiOH

3. H3 BO3

4, Passivoted

leradiated

F&T — Fast and thermal neutrons

GENERAL KEY

Welded (Type)
1. As welded
2. Quenched 1900°

Heat Treatment (Type)
1. Annealed
2. Hardened

Surface Finish (Type)

1.

[T I RN

Vopor-blosted

. Mochined

Electrapolished
Ground

Passivated

Treatment (Type)
1. Malcomized
2. Chrome-plated

3. Scottsonized

Reference — Reference in bibliography

Remarks — Color refers to axide filin

=LE1-
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MATERIAL _A-NICKEL

Corrosion Rates in mg/cmz-mo

Dissolved Gases Ircadiated
No. Time szp. Oxygen Hydrogen Degassed Flow Dei Resist. Add. oH P Welded Heat Treatment s;.e%s Surface Finish | Treatment Referance Remorks
the) | (°F) Care. (fps) | Corr. (megohm-cm) 19 Core. [ Type | Corr. | Type | Cor. | s} | Type | Corr. Type
ee/Ly| Corm | (ce/) | Core. (1077 nve)
1 324 | 500 30 0.20 m 0.2 ANL-4519
2 153 500 1500 1.40 Mm 1.40 n 9 ANL-4519
3 | 353 | 500 | 1500 0.2 43} 0.20 m 10 ANL-4519
4 353 | 500 | 1500 0.16 (1) | o.16 m " ANL-4519
5 350 | 600 0.37 ny | 0.37 ANL-4519
6 895 | 600 3-5 0.12 m 0.12 ANL-4519
7 280°C T=8 0.07 (2)0.07 | RH-3
8 280°C T=9 -0.13 RH-3
9 | s00 | 500 0.2 -0.06 30 [-0.06 |(Yes ANL-5011
0 | 500 [ 500 0.2 -0.07 0.01 [ —0.07 |Yes ANL-5011
1 | 500 | 500 2 —0.48 30 |[-0.48 |Yes ANL-5011
12 | 500 | 500 2 -0.37 0.01 | —0.37 |Yes ANL-5011
13 | s00 | 500 500 0.03 30 0.03 |Yes ANL-50T1
14 | 500 | 500 500 [ 0.01 0 Yos ANL-5011
15 | 1000 | 500 0.2 -0.06 30 |-0.06 ANL-5011
16 | 1000 | 500 0.2 -0.10 0.01 |-0.10 ANL-5011
17 | 1000 | 500 2 ~0.39 0 |[-0.39 ANL-5011
18 | 1000 | 500 2 ~0.32 0.01 |-0.32 ANL-5011
19 | 1000 | 500 500 0.03 10 0.03 ANL-5011
20 {1000 | 500 500 0 0.01 0 ANL-5011
21 | 1500 | 500 2 -0.16 30 |-0.16 ANL-5011
22 | 1500 | 500 2 ~0.18 0.01 [-0.18 ANL-5011
23 | 1500 | 500 500 0.02 30 0.02 ANL-501
24 | 1500 | 500 500 |-0.01 0.01 |-0.01 ANL-5036
25 1032 | 600 0.18 See Ref 122
2 168 | 600 0.01 See Ref 122
27 | 336 | 300 24 0.02 See Ref 122

Time — Length of submersion

Flow

1. Autoclave
Dei. — Deionize

Resist. — Resistivity

1. Distiiled water

Add. — Additives
NoOH
LiOH
. HJBOJ

. Passivated

N A

Irradiated

F&T — Fast and therma! neutrons

GENERAL KEY

Welded (Type)
1. As welded

2. Quenched 1900°

Heat Treatment (Type)

1. Annealed
2. Hardened

Surface Finish (Type)

1. Vopor-blasted

. Machined
Electrapalished
. Ground

. Passivated

woawN

Treatment (Type)
1. Malcomized
2, Chrome-plated

3. Scottsonized

Reference — Reference in bibliography

Remarks — Color refers to oxide film

-8t 1~




MATERIAL 17-4 PH
Corrosion Rates in mg/cmZ-mo
Dissolved Gases Irradiated
No. T(::; T(S':;J ' Oxygen Hydrogen Decg:::'d (‘ps)m‘;m Dei. (mf::;;'_'cm) Add. | pH FaT | o w"de: HT"' T'"':m S(':Is)’ :"h“ Fci"iSH T"’T“;:’"' Referonce Remorks
(ce/L)| Cor. |(ece/L)| Corr. ' (1019 nuny ype orr. ype orr. ype orr.

1| 7785 | s00 30 0.04 (1) (1) (4) (2)(b) 0.04 (5) 0.04 ANL-4519 Good

2 338 | 500 0.31 1) m 0.31 ANL-4519 Good

3 338 | 500 0.08 | () (2)(c) 0.08 ANL-4519 Good

4 338 | 600 0.28 | (1) (2)-850 | 0.28 ANL-4519 Good

5 | 2000 | s40 T=3 0.01 ANL-4795

6 500 | 500 0.2 0 30 0 Yes ANL-4950

7 500 | 500 0.2 0.02 0.01 0.02 | Yes ANL-4950

8 500 | 500 2 0 30 0 Yes ANL-4950

9 500 | 500 2 0.06 0.01 0.06 | Yes ANL-4950

10 500 | 500 -0.59 | 30 -0.59 | Yes ANL-4950

N 500 | 500 0.46 | 0.0 0.46 | Yes ANL-4950

12 | 1000 | 500 0.2 0 30 0 Yes ANL -4950
13 | 1000 | 500 0.2 0 0.01 0 Yes ANL-4950

14 | 1000 | 500 -0.30 | 30 —0.30 | Yes ANL-4950
15 | 1000 | 500 —0.02 | 0.01 | —0.02 | Yes ANL-4950

16 | 1500 | 500 0.2 0 30 0 Yes ANL-4950

17 500 | 500 50 | -0.86 3.1 ~0.86 23| 9 ANL-4950

18 500 { 500 50 | 0.15 0.01 0.15 ANL-4950 _L
19 620 | 500 1-3 0.12 3.1 0.12 @3 9 ANL-5059 [R]
20 500 { 500 0-1 0.01 30 0.01 WAPD-C-110 ]o
21 500 | 500 0-1 —0.17 0.01 | —0.17 | Yes WAPD-C-110
22 | 1000 | 500 200 | 0.03 30 0.03 | Yes WAPD-C-110 Good
23 | 1500 | 500 200 | 0.02 30 0.02 | Yes (2) 0.02| WAPD-C-110 Good
24 500 | 500 2 0.13 30 0.13 | Yes (1) 0.01 | WAPD-C-120 Good
25 | 1500 | so00 0.2 —0.01 0 0.01 0.01 | Yes ANL-5011
26 | 1500 | 500 0.2 0 -0.23 | 30 Yes ANL-5011
27 | 1655 | s40 T=33 | -0.00 ANL-HE-1101
28 | 1000 | 482 1300 0.80 | 1200 | 0.45 31 2) 0.45 ORNL-1605

0.80
29 | 1000 | 482 1300 0.03 [ 1200 | o0.19 31 ORNL-1605
30 | 4380 | 540 F=1 0.17 ANL-5059
T=10

31 | 4380 | 540 (a) 0,07 ANL-5059
32 500 { 500 0-1 0.01 30 0.01 WAPD-C-110
33 324 | 500 30 0.20 (1) ) (2)(a) 0.20 5) 0.20 ANL-4519

Time ~ Length of submersion

Flow

1. Autoclave
Dei. — Deionize

Resist. — Resistivity

1. Distiiled water

Add. — Additives
1. NaOH
2. LiOH
3. 1"|3303
4. Passivated

leradiated

F&T — Fast and thermal neutrons

GENERAL KEY

Welded (Type)
1. As welded
2. Quenched 1900°

Heat Treatment (Type)
1. Annealed
2. Hardened

Surface Finish (Type)

1

2
3
4
5,

Vopor-blasted
Machined
Electropolished
Ground

Passivated

Troatmant (Type)

1. Malcomized

2. Chrome-plated

3. Scottsonized

Reference — Reference in bibliography

Remarks — Color refers to oxide film

SPECIAL CODE

(a) Control
(b) R.43
(c) RC44
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MATERIAL _17-4 PH {continued)
Corrosion Rates in mg/emZ-mo
Dissolved Gases \rradiated
No T“':)’ T(f;"::’ Oxygen Hydrogen Deé:::’d ”PS)FI"‘;O" Dei. (mf::;:_'m) Add. | oH FaT | e, [T Weldecd HT'G' [roatment S("e_’)s Surface Finizh T"T"""’"' Reference Remark s
(ce/L)| Com. | (ee/L)| Cor. ) (10" av) yee | Corr. | Type | Com | [PSU | Type | Corr. yee
34 | 1184 | 500 30 0.02 () m (2)(a) 0.02 (5) 0.02 ANL-4519
35 | 1950 | 500 30 0 () (1) (2)(a) 0 (5) 0 ANL-4519
36 | 2688 | 500 30 ~0.10 (1) ) (2)(e) ~0.10 (5) | -0.10 ANL-4519
37 | 3429 | 500 30 -0.15 1) () (2)(a) -0.10 (5) | -0.10 ANL-4519
38 | 4147 | 500 30 -0.25 (1) [¢)] (2)o) -0.25 (5) | -0.25 ANL-4519
39 | 4931 | 500 30 0.23 (1) (1) (2)(a) 0.23 (5) 0.23 ANL-4519
40 | 5641 500 30 -0.01 (1) Q)] (2)(o) -0.01 (5) -0.01 ANL-4519
41 | 6335 | 500 30 0.03 (1) (2)(a) 0.03 (5) 0.03 ANL-4519
42 | 7073 | 500 30 0.19 m (2)(a) 0.19 (5) 0.19 ANL-4519
43 | 7785 | 500 30 0.04 4] (2){(a) 0.04 (5) 0.04 ANL-4519
44 324 | 500 30 0.36 m (2)(b) 0.36 (5) 0.36 ANL-4519
45 | 1950 | 500 30 ~0.03 M (2)(5) 0.03 (5) 0.03 ANL-4519
46 | 3429 | 500 30 0.05 1) (2)(b) 0.05 (5) 0.05 ANL-4519
47 | 4217 | s00 30 -0.11 m (2)(b) 0.1 (5) | -0.11 ANL-4519
48 | 5001 | 500 30 0 m (2)(b) 0 (5) 0 ANL-4519
49 | 5711 | 500 30 0.04 (1) (2)(b} 0.04 (5) 0.04 ANL-4519
50 | 6405 | 500 30 0.21 1) (2)(b) 0.21 (5) 0.21 ANL-4519
51 | 7143 | 500 30 0.05 ) (2)(b) 0.05 (5) 0.05 ANL-4519
52 | 7715 | 500 30 0.09 M (2)(b) 0.09 0.09 ANL-4519
53 | 1000 | s00 4.5 200 | -0.03 Yes (2) ~0.03 WAPD-C-110 Good
54 | 1000 | 500 4.5 200 | -0.03 Yes (2) —0.03 | WAPD-C-110 F air
55 | 1500 | 500 200 | -0.04 30 ~0.04 | Yes ) -0.04 WAPD-C-115 Good
56 | 1500 | 500 200 0.02 30 0.02 | Yes (2) 0.02 ] WAPD-C-115 Good
57 500 | 500 2 0.13 30 0.13 | Yes (1) 0.13 | WAPD-C-120 Good
58 | 1900 | 500 200 0 30 0 Yes (2) 0 WAPD-C-122 Good
59 1900 500 200 -0.02 30 —0.02 | Yes (2) 0,02 | WAPD-C-122 D oubtiul
60 | 1000 | 500 2 -0.06 0.01 | -0.06 WAPD-C-122 Good
61 836 | 500 0.1 2 | -0.02 10 -0.02 10.5 WAPD-C-125 Tarnished
62 836 | 500 0.1 2 | -o0.01 10 -0.01 10.5 WAPD-C-125 Tarnished
63 836 | 500 0.1 2 | -0.02 10 -0.02 10.5 (2) 0,02 | WAPD-C-125
64 836 | 500 0.1 2 | -0.00 10 -0.01 10.5 (2) —0.01 | WAPD-C-125
65 | 1000 | 500 —0.87 WAPD-C-129 Doubtful
66 | 1000 | 500 0.08 0.01 0.08 WAPD-C-129 Good
67 | 3000 | 500 200 | -0.04 Yes WAPD-C-129 Good
68 | 3000 | 500 200 0 2y 0 WAPD-C-129 Doubtful
GENERAL KEY SPECIAL CODE
Time ~ Length of submersion Add. — Additives Welded (Type) Surface Finish (Type) Treatment (Type) (@) R.43
Flow 1. NaOH 1. As welded 1. Vapor-blasted 1. Malcomized (b) R.50
1. Avtoclave 2. LiOH 2. Quenched 1900° 2. Machined 2. Chrome-plated
. 1. Annealed Reference — Reference in bibliography
Resist.. —.Resis'ivi'y \rrodiated 2. Hardened 5. Passivated Remarks — Colar refers 10 axide film
1. Distiiled water F&T = Fast ond thermal neutrons
2 L4 . [ Ll .




MATERIAL _17-4 PH (continued)
Corrosion Rates in mg/cm2~m0
Dissolved Gases . Irradiated Welded Hoor T s -
Tim . Degassed ow Resist. elde eat Treatment urface Finis
No. | g | 87| Osvgen Hysrogmn | 8 e oo | ey | M| o [ e [ T e o T e oy e P Tt evmnce Remarks
(cc/L)| Corr. | {cc/L)| Corr. (10"7 avy) yP
69 | 1000 | 500 50 | -0.53 30 -0.53 WAPD-C-129 Doubtful
70 1000 500 50 0.01 0.01 0.01 WAPD-C-129 Good
71 508 500 0.1 100 -0.2¢6 Yes 3-4 {2) -0.26 WAPD-C-141 Purple
72 500 500 20 0 Yes (2) 10.5 2) 0 WAPD-C-141 Black
73 500 500 10 —0.01 | Yes {2) 10.5 {2) -0.01 WAPD-C-141 Gold
74 500 500 20 ~0.02 | Yes 2) 10.5 2) ~0.02 WAPD-C-141 Gold
75 3600 500 200 0 30 0 {2) WAPD-C-141 Good
76 3600 500 200 —-0.04 30 -0.04 (2) -0.04 | WAPD-C-141 Doubtful
77 | 2100 | 500 200 | -0.03 30 -0.03 WAPD-C-141 Doubtful
78 1500 500 50 -0.05 0.01 ~0.05 | Yes WAPD-C-141 Good
79 | 1500 | 500 0 0.01 0 Yes ANL-5011
80 1000 500 -0.30 30 -0.30 ANL-5011
81 1000 500 —-0.02 0.0 -0.02 ANL-5011
82 250 500 200 -0.36 30 -0.36 ANL-5011
83 250 500 200 ~0.52 0.01 -0.52 ANL-5011
84 250 500 200 -0.09 30 -0.09 {2} -0.04 | ANL-5011
85 | 2000 | 540 T-3 0 ANL-4795
86 | 1500 | 500 '50 0.50 30 0.50 0.5-1.7 6.6-7.4 ANL-5059 Doubtful
87 | 1500 | 500 50 0.05 0.01 0.05 0.5-1.7 6.6-7.4 ANL-5059 Good
88 1500 500 0.2 -0.01 0.01 —0.01 | Yes ANL-4950
89 1000 500 0.2 0.02 30 0.02 | Yes ANL-4950
90 500 500 0.2 ~0.16 30 -0.16 | Yes (1) -0.16 | ANL-4950
21 500 500 0.2 —0.04 0.01 -0.04 | Yes (1) -0.04 | ANL-4950
92 500 500 -0.49 30 -0.49 (1) -0.49 | ANL-4950
93 500 500 -0.17 0.01 -0.17 (1) ~0.17 | ANL-4950
94 500 500 50 ~0.86 30 -0.86 ANL-4950
95 500 500 50 0.15 0.01 0.15 ANL-4950
96 500 500 50 -0.79 30 -0.79 ANL-4950
97 500 500 50 0.08 0.01 0.08 ANL-4950
GENERAL KEY
Time — Length of submersion Add. — Additives Welded (Type) Surfoce Finish (Type) Treatment (Type)
Flow 1. NoOH L. As welded 1. Vapor-blasted 1. Malcomized
1. Autoclave 2. LiOH 2. Quenched 1900° 2. Mochined 2. Chrome-plated
_ o 3. H,80, Heat Treatment (Type) 3. Electropolished 3. Scottsonized
Dei = Deionize 4. Passivated 1. Annealed 4. Ground Reference — Reference in bibliograph
Resist. — Resistivity \readiated 2. Hardened 5. Passivated clerence = eference in rapny

e —

1. Distiiled water

F&T ~ Fast ond thermal neutrons

Remarks — Color refers to oxide film

~ivi-




MATERIAL _17-7 PH
Corrosian Rates in mg/em2-mo
Dissolved Gases trradiated
Time | Temp. Degassed Flow i Resist. Welded Heat Treatment | Stress Surface Finish | Treatment
Noo| e | OF) Oxygen Hydrogen Comr. o | Com Dei (megohm-cm) Add. pH IigT Cor. [Tyee | Comt Tooe | Com. (psi) oo | Cor Type Reference Remarks
(ce/Ly| Corr |tec/i)| Corr. (077 nvt)

1 280°C T=9 | 071 RH-3

2 280°C T=8 | -0.01 2) RH-3

3 280°C T=9 | -0.14 (2) RH-3

4 280°C T-8 | -0.07 (1)-0.07 | RH-3

5 280°C T-9 | —0.40 (1)-0.40| RH3

6 349 500 -0.11 ) m (2)}a) | ~0.11 ANL-4519 Good

7 353 500 1500 | -0.14 (4] () 9 (2) -0.14 ANL-4519

8 353 500 1500 0.03 18} m 10 (2) 0.03 ANL-4519

9 340 | 600 —-0.15 43} 33} (2)a) | -0.15 ANL4519
10 358 | 500 30 -0.75 m m (2) | -0.75 ANL4519
1 324 | 500 30 0.36 ) ) (2)a) 0.36 (5) 0.36 ANL-4519
12 | 1184 500 30 0.15 () M (2){0) 0.15 (5) 0.15 ANL-4519
13 | 1950 | 500 30 -0.03 m m (2)(0) 0.03 (5) | -0.03 ANL-4519
14 | 2688 500 30 0.09 [§))] (1) (2)(a) 0.09 (5) 0.09 ANL-4519
15 | 3429 | 500 30 0.05 (1) [8)) {2)(a) 0.05 (5) 0.05 ANL 4519
16 | 4147 | 500 30 —0.11 (O] m (20a) | 0.11 (5) | -0 ANL-4519
17 | 4931 500 30 0 33} m (2)(e) 0 (5) 0 ANL-4519 A
18 | 5640 | 500 30 0.04 ) m (2Xo) 0.04 (5) 0.04 ANL-4519 -
19 | 6334 500 30 0.21 Q) )] (2)(a) 0.21 (5) 0.2 ANL4519 t)
20 { 7072 | 500 | 30 0.05 m ) (2)a) | 0.05 (5) 0.05 ANL4519 !
21 | 7784 | 500 30 0.09 1) (4} (2){(a) 0.09 (5) 0.09 ANL4519
22 500 | 500 -0.16 0.01 | -0.16 | Yes WAPD-C-110
23 500 | 500 1 -0.09 30 —0.09 | Yes (1)-0.09| WAPD-C-110
24 | 1000 | 500 -0.84 30 —-0.84 | Yes WAPD-C-110
25 | 1000 | 500 -0.08 0.01 | -0.08 | Yes WAPD-C-110
26 | 1000 | 500 2 0.02 30 0.02 | Yes WAPD-C-120 Good
27 | 1000 | 500 2 0.04 0.01 0.04 | Yes WAPD-C-120 Good
28 500 | 500 2 —-0.08 0.01 | -0.08 | Yes (1)-0.08| WAPD-C-120 D oubtiul
29 | 1500 | 500 2 0.02 0.01 0.02 | Yes WAPD-C-122 Good
30 | 1500 | 500 2 0.01 30 0.01 | Yes WAPD-C-122 Good
31 | 1000 | 500 -0.36 30 -0.36 WAPDC-129 Doubtul
32 | 1655 | 540 T-333] -0.03 ANL-HE-1101
33 | 1655 | 500 T=3.33| -0.07 (1)-0.07] ANL-HE-1101
34 | 1000 | 500 0.2 0,02 30 0.02 | Yes ANL-5011
35 { 1000 | 500 0.2 0.02 0.01 0.02 | Yes ANL-5011

GENERAL KEY SPECIAL CODE
Time — Length of submersion Add. — Additives Welded (Type) Surface Finish (Type) Treotment (Type) (o) RS0
Flow 1. NeOH 1. As welided \ 1. Vapor-blasted 1. Molcomized
1. Avtoclave 2. LiOH 2. Ouenched 19007 2. Machined , 2. cr.mme.p-lmd
. 1. Anneaied Reference — Reference in bibliography
Resist. — Resistivity leradiated 2. Hardened 5. Passivated

1. Distiiled water

F&T ~ Fast and thermal neutrons

Remarks — Color refers to oxide film




MATERIAL

17-7 PH (continued)

Corrosion Rates in mg/cm2-mo

Dissolved Gases

Irradiated
i . egassed Flow Resist, Welded Heat Treatment Stress Surtace Finish | Treatment
No. T(;‘T)’ T(z:;’ Oxygen Hydrogen | © o roven e L0 (readbmemy | 444 | oM FeT | o e e T o T o S T 1 Reforence Remorks
(/)| Corr. | eery | core. (077 vy
36 1000 500 -0.07 30 ~0.07 | Yes ANL-5011
37 1000 500 -0.07 0.01 ~0.07 | Yes ANL-5011
38 1500 500 0.2 0.01 -0.08 30 -0.08 | Yes ANL-5011
39 | 1500 500 0.2 -0.01 -0.07 0.01 | -0.07 | Yes ANL-5011
40 500 500 0.2 -0.16 30 -0.16 | Yes {1)-0.16 ANL-5011
11 500 500 c.2 -0.04 0.01 ~0.04 (1)-0.04 ANL-501
42 500 500 ~0.49 30 -0.49 (1)-0.49 ANL-5011
43 500 500 -0.17 0.01 -0.17 {1)-0.17 ANL-5011
44 | 2000 540 T=3 | -0.02 (2) -0.02 ANL-4795
45 2000 540 T=3 ~0.01 (2) -0.00 ANL-4795
46 260 500 2.3 -0.07 No 7-8 ANL 4641
47 310 500 16 -0.58 Yes ANL-4641
48 290 500 1300 -0.28 Yes ANL 4641
49 620 500 1-3 0.42 31 0.42 (2X(3) ANL-5059
50 1000 500 0.2 0.02 30 0.02 ANL-4950
51 | 1000 | 500 | 0.2 0.02 0.01 [ 0.02 ANL-4950
52 1000 500 -0.07 30 -0.07 ANL-4950
53 1000 500 -0.07 0.01 -0.07 ANL-4950
54 500 500 100 -0.88 30 —-0.88 ANL-4950
55 500 500 100 0 0.01 0 ANL-4950
56 500 500 100 -0.72 30 -0.72 ANL-4950
57 500 500 100 ~0.02 0.01 -0.02 ANL-4950
58 500 500 100 -0.70 30 -0.70 ANL-4950
59 500 500 100 ~0.01 0.00 -0.01 ANL-4950

Time - Length of submersion

Flow

1. Autoclave
Dei. — Deionize

Resist. — Resistivity
1. Distiiled water

Add. — Additives
1. NaOH
2, LiOH
3. H3 BO3
4. Passivated

lecadiated

F&T — Fast and thermal neutrons

-

Welded (Type)

GENERAL KEY

1. As welded
2, Quenched 1900°

Heat Treatment (Type)

1. Annealed
2. Hardened

1

2
3
4
5

Surface Finish (Type)

Yapor-blasted
Machined
Electropolished
Ground

Passivated

Treatment (Type)
1. Malcomized
2. Chrome-plated
3. Scottsonized

Reference — Reference in bibliography

Remarks — Color refers to oxide Film

“Evl-




MATERIAL __304 8§
Corrosion Rates in mg/cmZ-mo
Dissolved Gases frradiated
Ne Time Tgmp, Onygen Hydrogen Degassed Flow Dei Resist. Add. o ot Welded Heot Treatment Stre‘ss Sutface Finish | Treatment Reference Remorks
the) | °F) ool e TeanT oo Corr. (tps) | Carr. (megohm-cm) (1019 nvty Corr. [ Type | Corr. | Type | Core. | (PSi) | Type | Corr. Type

1| 72 0.01 0 -0.06 ANL -4300 No quanity given
2| 336 | 500 |30 0,09 m m (4) ANL-4519 Good

3] 334 600 ~0.08 | (1) m (4) ANL 4519 Geod

4| 4001 500 |30 —2.40 )] 1)) (4) (b}-2,40 | ANL 4519 Poor

5] 2930 | 600 | 240 1) m (4) ) —0.01 ANL 4519 Good

(2) -0.02
6 | 2301 | 600 70 [0} m (4) ) -0.01 ANL 4519 Good
2) -0.02

7 | 1350 | 500 | 1.7 30 -0.05 m m | o ANL 4519 Good

8| 1350 | 500 [ 1.7 0,01 0.01 m () | 10 ANL-4519

9 ! 1350 { 500 | 2.1 30 -0.06 ) 7 ANL 4519
10 | 1350 | 500 | 2.1 0,01 0.01 m 7 ANL 4519
11| 1350 | 500 | 1.7 30 ~0.05 m (1 | 10 —0.05 ANLA4519
121 1350 | 500 | 1.7 0.01 0.02 ) | 10 0.02 ANL 4519
13 | 1350 | 500 | 2.1 0,01 0.04 ) 7 0,04 ANL 4519
14| 1350 | 500 | 1.7 30 —0.04 1) m | 1o (a) -0.04 ANL 4519
15| 1350 | 500 | 1.7 0,01 0.0 (1) (1 { 1o (a) 0,01 ANL -4519 i
16 | 1350 | 500 | 2.1 30 —-0.06 (1 ) 7 (a) | —0.06 ANL 4519 :
17| 1350 | 500 | 2.1 0,01 0.04 m 4] 7 (a) 0.04 ANL 4519 ".*
18 | 3200 | 450 0,02 T-1 | 002 —0.02 ANL 4537
19| 500 | 500 | 0.2 30 0.03 | Yes ANL -4950
20| 500 500 | 0.2 0,01 0.01 | Yes ANL 4950
21 | 500 | 500 100 0.03 30 0.03 | Yes ANL 4950
22| 500 1 0 0,01 [} Yes | ANL 4950
23 | 500 | 500 50 0,01 30 0.01 | Yes ANL 4950
24 | 500 | 500 50 | —0.02 0.01 | ~0.02_ | Yes ANL-4950
25| 500 | 500 | 0.2 0 30 0 Yes ANL-5011
26 | 500 | 500 | 0.2 0.01 0.01 0.01 | Yes ANL-5011
27 | 500 | 500 50 0.01 30 0.01 | Yes ANL-5011
28 | 500 | 500 50 | —0.01 0.01 | —0.01 | Yes ANL 5011
29 | 500 | 500 —0.20 | 30 —0.20 | Yes ANL-5011
30| 500 | soo 0.06 | 0,01 0.06 | Yes ANL-5011
31 | 1000 | 500 50 0 30 0 Yos ANL-5011
32 | 1000 | 500 50 | —0.01 0.01 | 0,01 | Yes ANL-S011
33 | 250 so0 200 | —0.87 30 -0.87 ANL-5011

GENERAL KEY SPECIAL CODES
Time — Length of submersion Add. — Additives Welded (Type) Surface Finish (Type) Treatment (Type) (a) Sensitized
Flow 1. NaOH . As welded 1. Vapor-blasted 1. Malcomized (b) Chromallized
1 Avreclove 2. LiOH 2. Quenched 1900° 2. Machined 2. Chrome-plated
Do Duianize i 2:5330'“ Heot Treatment (Type) i E::::panshea 3. Scottsonized
: . Annealed . Reference — Reference in bibliography
Resist. — Resistivity leradiated 2. Hardened 5. Passivated Remarks — Color refers to axide film

1. Distiiled water

F&T - Fast and therma! nevtrons




1. Annealed

Reference — Reference in bibliography

MATERIAL __ 304 $S (continued)
Corrosion Rates in mg/cmZ.mo
Dissolved Gases Irradiated
Mo, Time szp_ Orygen Hydrogen Degassed Flow Dei. Resist, Ada., oH et Welded Heat Treatment 5.,e§s Surface Finish | Tragtment Reference Remerk s
) | (°F) Corre | (ips) | Corr. {megohm-cm) (1019 ] < | Type | Com [ Type | Cor. | (5 [ Type | Com. | Tyee
(ce/Ly| Corr. | (ce/L) | Corr.
34 250 | 500 200 | —0.04 0.01 | —0.04 ! ANL 5011
35 | 1000 | 482 | 1300 0.08 30 0.08 | Yes ORNL-1605
36 | 1000 | 482 | 1300 0.04 30 0.04 | Yes ORNL-1605
37 | 1000 | 482 1200 0.17 30 0.17 | Yes ORNL-1605
38| 620| 500 | 1-3 0.02 3.1 0,02 2)3) | 9 ANL-5059
39 | 653 600 | 240 1) (1) (4) 4] 0.02 ANL 4519 Good
(2) 0.04
40 | 1481 | 600 | 240 M QN 4) Mm@ ] o ANL 4519 Good
41 | 2180 | 600 | 240 Q)] m (4) (%2 | 0.04 ANL-4519 Good
42 | 2930 | 600 | 240 4] m (4) ) -0,01 ANL 4519 Good
(2) —0.02
43 789 | 600 70 (1) 4] (4) n 0.01 ANL 4519 Good
(2) 0.02
44 | 155) | 600 70 ) ) (4) [{}] —0.03 ANL 4519 Good
(2) 0
45 | 2301 | 600 70 Q)] 4] (4) (1 0.01 ANL-A4519 Good
(2) —0,02
46 | 2160 | 500 | 30 -0.01 10 -0.01 0.07 6.15 Seo Ref 52
47 | 1440 | 500 | 30 0 0.001 | 0,00 0.07 6,15 Seo Ref 52
48 | 2160 | 500 | 30 —0,02 10 —0.02 0.07 6.15 (1) ~0.02 See Ref 52
49 | 1440 | 500 | 30 —0,03 0.001 0.07 6.15 ) -0,03 See Ref 52
50 [ 2160 | 500 | 30 0.02 10 (a) 0.02 (1)-0.40 | See Ref 52
51| 1440 | 500 | 30 0.06 0.001 | 0.07 (a) 0.06 (1>0.19 | See Ref 52
52 | 334| s00 | 30 0,24 ) (4) (11-0.24 | ANL-4519 Doubtful
53| 1072| 500 | 30 0,04 ) (4) (10,04 | ANLA4519 Doubtul
54 | 1857 | 500 | 30 0.06 () (4) (1»-0.06 | ANL4519 Doubtul
55| 334| 500 | 30 0.05 ) (4) (1) 0,05 | ANL4519 Poor
56 | 688 | 500 | 30 -0.12 Q)] (4) (1012 | ANL4519 Poor
57| 1450 | 500 | 30 0,41 m (4) (1)-0.41 | ANL4519 Poor
58 500 | 500 | 1.7 -0.11 30 0.1 ) 10 ANL 4519
59 [ 500| 500 | 1.7 0.04 0.01 0.04 (1) 10 ANL-4519
60 | 500 500 | 2.1 0,17 30 0,17 7 ANL-4519
61 500 | s00 | 2. 0.04 0,01 0.04 7 ANL 4519
62| 850 | 500 [ 1.7 -0.02 30 -0,02 (1) 10 ANL-4519
63 850 | 500 | 1.7 —0.01 0,01 | -0.01 (n 10 ANL-4519
GENERAL KEY SPECIAL CODE
Time — Length of submersion Add. ~ Additives Welded (Type) Surface Finish (Type) Treatment (Type) (a) Sensitized
Flow 1. NaOH 1. As welded L. Vapor-blasted 1. Malcomized
. Avtoclave 2. LiOH 2. Quenched 1900° 2, Machined 2. Chrome-plated
_ o 3. H,80, Heot Treatment (Type) 3. Electropolished 3. Scottsonized
Dei. — Deionize 4. Possivated 4. Ground
5,

Resist. — Resistivity

- ——

. Distiiled water

Irradiated

F&T — Fost ond thermal neutrons

2. Hordened

. Passivated

Remarks — Color refers to oxide filin




MATERIAL 304 SS {continued)
Corrosion Rates in mg/cmZ-mo
Dis solved Gases ] rradiated Weliod ot A Sotace Fimish | 1
i ist. elde. eat Treatmen veface Finis n
No. .:::’; T(:g’ Oxygen Hydrogen D'g::“ . Dei. (me:;:_m) Add. | oM FaT | o T T T oo (':is)s - '°T‘:'P:"' Reference Remarks
(cc/Ly| Corr. | (cesl)| Corn (1019 nvt)
64| 850 500 | 2 0.01 30 7 ANLA4519
65| 850 | 500 | 2.1 —0.01 0.01 7 ANL4519
66| s00| s00 | 1.7 | —0.09 30 m | 1o M | —0.09 ANL 4519
67| 500 500 | 1.7 0.06 0.01 m | o ) 0.06 ANL4519
68| 500 500 | 2. 0.08 0.01 7 Al 0,08 ANL4519
69| 850 | s00 |17 | —0.02 30 m | o m | -0.02 ANL4519
70| 8so| se0 |17 | 001 0.01 m | o M |- ANL4519
71| 8s0| 500 | 2.1 0.01 0.01 7 ) 0.01 ANL4519
72| 500 | s00 |17 | —0.07 30 m |0 (@ |-0.07 ANL 4519
73| s00| s00 |17 0.05 0.01 m | 10 (a) 0.05 ANL4519
74| s00| s00 | 2. —0.16 30 7 (o) | 0.6 ANL4519
75 | s00 | s00 | 2. 0.08 0.0 7 (a) 0.08 ANL 4519
76| 8se | s00 |17 | —0.01 30 m |0 (@) | —0.01 ANL 4519
77 80| 500 |17 | -0.01 0.01 m | 10 (0 | 0.0 ANL 4519
78 | 850 | 500 | 2.1 0 30 7 {a} 0 ANL 4519
79 | 850 500 | 2.1 0.01 0.01 7 (a) 0.01 ANL 4519
80 | 1000 | 500 |1 0 30 WAPD-C-110
81| 1000 | 500 047 |30 WAPD-C110
82 | 1000 | 500 |1 0.02 0.01 WAPD-C-110
83 | 1000 | 500 —0.04 | 0,01 WAPD-C-110
84| 500 | 500 |1 0.02 30 0.02 WAPD-C-110
85| 500 | 500 0.01 Yes WAPD-C-110
86 | 1000 | 500 |1 0.03 30 Yes WAPD-C-110
87 | 1000 | 500 |1 0.06 0.01 Yos WAPD-C-110
s | 1500 | 500 |1 0.01 30 Yes WAPD-CA110
89 | 1500 | 500 |1 0.04 0.01 Yes WAPDLC.110
90 | 500 | 500 —on |3 Yeos WAPD-C-110
91 | 1500 | 500 -1 |30 Yos WAPD-CA110
92 | 1500 | 500 —0.03 | 0.01 Yos WAPD-C-110
93 | 1000 | 500 200 | 0 Yes WAPD-C-110
94 | 500 | 500 0 | o 30 Yeos WAPDC-110
95 | 500 | 500 © | o 0.01 Yos WAPD-C110
96 | 500 | 500 0 | 0.0 30 Yes WAPD-C110
97 | s00 | 500 40 | 0.04 0.01 Yes WAPD-CA110
98 | 500 | 500 25 | —0.01 30 i WAPD-C-115 | Good

Time — Length of submersion

Flow

1, Auvtoclave

Dei. — Deionize

Resist. — Resistivity

1. Distiiled water

Add. — Additives
. NaOH

. LiOH

. H3 303

Passivated

A WN

Irradiated

F&T — Fast and thermal neutrons

GENERAL KEY

Welded (Type)
1. As welded
2, Quenched 1900°

Heat Treotment (Type)
1. Anneoled
2. Hordened

Surface Finish (Type)

1.

Yapor-blasted

2. Machined

oo e

Electropolished

. Ground

Passivated

SPECIAL CODE
Treotment (Type) {a} Sensitized
I. Maicamized
2, Chrome-plated
3. Scottsonized

Reference — Reference in bibliography

Remarks — Color refers ta oxide film

-9vl-




MATERIAL __ 304 S5 (continued)
Corrosion Rates in mg/cm2-mo
Dissolved Gases ] Irradioted
No. | Time | Teme. Oxygen Hydragen Degassed Flow Dei, | Resist Add. | eH FaT Welded Hoat Treotment Stress Surface Finish | Treatment Reference Remarks
(hr) | (°F) Corre | (fps) | Cor. (megohm-cm) (10'9 auny] €™ | Type | Cor. | Type | Cor. | (si) | Type | Com. | Type
(ce/L)| Corr. | (cc)| Core.
99 | 1500 | 500 200 0 30 0 WAPD.C15 Good
100 | 500 [ 500 |2 0.03 30 0.03 WAPD-C-120 Good
100 | 500 | s00 |2 0.09 0.01 0.09 WAPD-C-120 Good
102 | 1000 | 500 -0.08 |30 —0.08 WAPD-C.120 Good
103 | 1000 | 500 25 | -0.02 30 —0.02_ | Yes WAPDC.122 Good
104 | 500 | 500 25 0 0.01 0 Yes WAPDL-122 Good
10s | s00 [ so0 |2 0.03 30 0.03 | Yes WAPDL-122 Good
106 | 500 | s00 |2 0.06 0.01 0.06 | Yes WAPDL.122 Good
107 | 836 | 500 2 0 10 0 Yes 10.5 WAPD-C.125
108 | 836 | 500 2 | -0.01 20 -0.02 10.5 WAPD-C-125
109 | 836 | 500 2 0.03 10 0.03 10.5 WAPD-C.125
10 | 836 | 500 2 | —0.02 20 —0.02 10.5 WAPD-C-125
1 | 1500 | 500 —-0.05 |30 —0.05 | Yes WAPD-C-125
112 | 1500 | 500 —0.01 0.01 |-0.01 | Yes WAPDL.125
13 | 500 | 500 100 | —0.08 10 —0.08 | Yes (2) | -0.08 WAPD-C-129
114 | 500 | 500 100 | —0.08 20 —0.08 | Yes (2) | -0.08 WAPD-C-129
115 | 500 | 500 100 0.01 10 0.01 | Yes (3) 0.01 WAPD-C-129
116 | 500 | 500 100 0 20 0 Yes (3) 0 WAPD-C.129 LR
17 | 500 | 500 20 0 2 |10 (2) 0 WAPDL-135 t
18 | 500 | 500 20 0.01 2 | (2) 0.01 WAPDL-135 1
19 | 500 | 500 10 0 2 |10 2) 0 WAPDLC.135
120 | 3000 | 500 200 30 —0.01 | Yes (3) | -0.01 WAPD-C.135
121 | 702 | 500 100 0 10 0 Yes 2-4 7 3) 0 WAPD-C-137
122 | 702 | 500 100 0.01 20 0.01 | Yes 2-4 7 (3) 0.01 WAPDC-137
123 | 702 | 500 100 | -o.n 10 —0.11 | Yes 2-4 7 2 | -0 WAPD-C-137
124 | 702 | 500 100 | -0.10 20 —0.10 | Yes 2-4 7 2) | 030 WAPD-C-137
125 | 1500 | 500 |1 0.01 30 0.01 WAPD-C-137
126 | 1500 | 500 |1 0.04 0.01 0.04 WAPD-C-137
127 | 1500 | 500 |5 0.01 30 0.01 WAPD.C-137
128 500 500 100 0,02 30 0,02 WAPD.C-137
129 | 500 | 500 100 0 0.01 0 WAPDL.137
130 500 500 100 0.03 30 0.03 WAPDC.137
131 | 500 | 500 100 0 0.01 0 WAPD-C-137
132 | 500 | 500 50 0.01 30 0.01 W APD.C-137
138 | 500 | s00 50 | -0.01 0.01 | -0.01 WAPD-C-137
GENERAL KEY
Time — Length of submersion Add. - Additives Walded (Type) Surface Finish (Type) Treatment (Type)
Flow 1. NoOH 1. As welded 1. Vapor-blasted 1. Malcomized
1. Avtoclove 2. LiOH 2. Quenched 1900° 2. Machined 2. Chrome-plated
1. Annealed Reference — Reference in bibliography
Resist. — Resistivity Ieradiated 2. Hardened 5. Passivated

1. Distilled water

F&T — Fast ond thermal neutrons

Remarks — Color refers to oxide film




—_—

304 $S {continved)

MATERIAL
Corrosian Rates in mg/cmz-mo
Dissolved Gases lrradioted
Ti Temp. D d Flow Resist. Welded Heat Treatment Surface Finish
No | 7| TomP Oxygen Hydrogen egasse Dei o Add. | pH FaT o eat Treatment | Stress | Surlace TIieh | Treatment] o ference Remarks
(hr) °F) Corr. {fps) Corr, (megohm-cm) (1019 + Corr. Type Corr, Type Corr. (psi) Type Corr. Type
(ce/L) | Corr. | (cc/L) ]| Corr. nvt)
134 | 1000 [ 500 50 0 30 0 WAPD-C-137
135 | 1000 | 500 50 | —0.01 0.01 | —0.01 WAPD.C-137
136 | 500 | 500 25 | —0.02 30 —0.02 WAPD-C-137
137 | 500 | 500 25 | —0.04 0.01 | —0.04 WAPD-C-137
138 | 508 | 500 100 | -0.10 10 0,10 | Yes 3-4 2) | ~0.10 WAPDL-141
139 | 508 | 500 100 | —0.13 20 -0.13 3-4 2 | —0.3 WAPD.C.141
140 | 508 | 500 100 | —0.08 20 —0.08 3-4 (2) | -0.08 WAPDLA4]
141 | 508 | 500 100 0,01 10 0.01 3-4 (3) 0.01 WAPD-C-141
142 | 508 [ soo 100 0.00 20 0.01 3-4 (3) 0.01 WAPD.C.141
143 | 500 | 500 20 0.01 (2) 10 (2) 0.01 WAPDLC-141
144 | 500 | 500 10 0,01 (2) 10 (2) 0,01 WAPD.C-141
145 | 3600 | 500 200 0 30 0 WAPD-C.141 Good
146 | 1500 | 500 50 0 30 0 WAPDLC-141 Good
147 | 1500 | 500 50 | —0.01 0.01 | —0.01 WAPDLCA141
148 | 750 | 500 200 | —0.20 30 —0.20 ANL 4950
149 | 750 | S00 200 | —0.27 0.01 | —0.27 ANL 4950
1
—h
E-N
[o )
1
GENERAL KEY
Time — Length of submersion Add. - Additives Welded (Type) Surface Finish (Type) Treatment (Type)
Flow 1. NaOH 1. As welded 1. Vopor-blasted 1. Malcomized
2. LiOH 2. Quenched 1900° 2. Machined 2. Chrome-plated
1. Autoclave X ]
Dei Baioni 3. H3303 Heot Treatment {Type) 3, Electropolished 3. Scattsonized
i. - Deionize i
° 4. Passivated 1. Annealed 4. Ground Reference — Reference in bibliography
5. Passivoted

Resist. — Resistivity levadiated

1. Distiiled water

2, Hardened

F&T - Foast and thermal neutrons

Remarks — Colar refers to oxide film




304L sS

MATERIAL
Corrosion Rates in mg/cm3-mo
Dissolved Gases Irradiated
No. | T [ T | 0rygen R R e e £ [P PV I BT [ [ e et Suese | Setec T Refarance Remerks
(ce/L) | Corr. | (ce/L)| Corr (107 v P 7P
1 | 324 [ s00 |30 0.12 m 0.12 m ANL-4519 Good
2 | 401 ]s00 |30 0.19 (n 0.19 & ANL-4519 Good
3 | 330 | 600 =015 [ (1) ) (1 |-0.15 ANL-4519 Good
to 304

4 l4s8a {500 |12 |-0.00 30 | -0.01 |Yes (o) ANL-4898

5 | 4584 | 500 | 1.2 0.01 30 0.01 |Yos ANL-4898

6 | 4584 | 500 |1-2 0.01 30 0,01 |Yes (| o.01 ANL-4898

7 (4584 )500 [1.2  |-0.01 30 -0,01 |Yes () _[-0.01 ANL-4898

8 | s00 | 500 |o.2 0.01 30 0.01 |Yes 7] 0.0} ANL-4898

9 | 500|500 |02 |-0.5 30 -0.75 |Yes (m 0.75 ANL-4898

10 | 500 )500 |2 0.04 30 0.04 [Yeos (2) 0.04 ANL-4898

11 | 500 |s00 |2 0.03 30 0.03 |Yes M 0.03 ANL-4898

12 | 500 | s00 500 | -0.04 30 -0.04 |Yas (20 | -0.04 ANL.4898

13 | 500 | so0 500 | -0.08 30 -0.08 |Yes () |-o.08 ANL -4898
14 {1000 | 500 |02 |_0.47 30 =0.47 |Yes My |-0.47 ANL -4898
15 11000 | s00 [2 0.04 | 500 | -0,03 0 0,04 |Yes (1 0.04 ANL-4898
16 | s00 ] sp0 |02 0,01 0.01 | 0.01|Yes (2) 0.01 ANL-4898

17 | 500 | s00 |2 0.01 | 500 | —0.08 0.01 Yos (2 ANL-4898

18 | 500 |s00 [0.2 |-o0.16 0.01 | -0.16 |Yeos () |-0.16 ANL-4898

19 | 500|500 |2 0.08 | 500 | —0.06| ~0.04 [0.01 Yes M ANL-4898

20 | 1000 | 500 |0.2 |-o0.08 0.01 | -0.08 |Yes (1) |-0.08 ANL-4898

21 | 1000 | s00 |2 0.01 | 500 | —0.01| -0.04 |o0.01 Yes (m ANL-4398

22 | 500 | 500 |o0.2 0.01 30 0.01 {Yes ) 0.01 ANL-5011

23 | 500 500 |o0,2 0.03 0.01 | 0.03 (1 0.03 ANL-5011

24 | s00 | so0 50 | o 0.01 | o ) 0 ANL-5011

25 | 1500 | 500 50 | —0.01 30 -0.01 0.05.1.7 6.6-7.4 ANL-5059 Glosay
26 | 1500 | 500 50 | 0.5 0.01 | o0.15 0.05.1.7 6.6-7.4 ANL-5059 Glossy
27 | 1000 | 500 25 | —0.01 30 -0.01 0.9-3.0 6.4-7.7 ANL-5059 Straw
28 | 500 | so0 25 | o 0.01 | o 0.9-3.0 6.4.7.7 ANL.5059

29 | 620 s00 |1-3 0.09 30 0.09 (2(3) |9 ANL-5059

30 | 1000 | 482 [ 1300 | o.08 30 0.08 ANL -5059

31 | 1000 | 482 [ 1300 | 0.17 | 1200 | o0.17 30 ANL-5059 Cast
32_| 1000 | 500 | 0-1 0 30 0 WAP D-C-110

33 | 1000 | 500 | o0-1 0.01 0.01 | 0.01 WAPD-C-110

34 | 1500 | s00 |1 0.01 30 0.01 |Yas . WAP D-C-110

Time - Length of submersion

Flow

1. Autoclave

Dei. — Deionize

Resist. — Resistivity

- —

1. Distiiled water

Add. - Additives

1. NaOH
2. LiOH

3. HJ 303

4, Passivated

lrradiated

F&T — Fast and thermol neutrons

GENERAL KEY

Welded (Type)

1. As welded
2. Quenched 1900°

Heat Treatment (Type)

1. Annealed
2. Hardened

Surface Finish (Type)
1. Vapor-blasted

wawN

Machined
Electropalished
. Ground

. Passivated

Treatment {Type)
1. Malcomized

2. Chrome-plated

3. Scottsanized

Reference — Reference in bibliography

Remorks — Color refers to oxide film

SPECIAL CODE

(a) 10,000

=6v1-
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MATERIAL __304L S$ {continued)
Corrosion Rates in mg/cm?-mo
Dissolved Goses Irradiated
No. T(::; T(Z';;’ Oxygen Hydrogen D'g:":ed (‘ps)m";o" Dei (mf::'i:_'m) Add. | pH FaT | e g wewecd HT"' T'"':'"' S(':i‘)s | Surface Finish T"T""':"' Reference Remarks
{ec/L)| Com [(cerL)| Core. ' (077 nvt) ype | Ter | fyee | e Type | Corr. 7
35 | 1500 | 500 |1 0.02 0.01 0.02 |Yas WAP D-C-110
36 | 1500 | 500 |1 0.03 0,01 0.03 [Yes WAP D-C-110
37 500 | 500 |1 ~0.11 30 -0,11 |Yes (1) =0,11] WAPD-C-110 | Good
38 500 | 500 |1 -0,53 0.01 | -0.53 |Yes (1) =0.53| WAPD-C-110 | Fair
39 500 | 500 —0.12 |30 —0.12 |Yes WAPD-C-110
40 500 | 500 40 0.01 30 0.01 |Yes WAPD-C-110
1 500 | 500 40 0 0.01 0 Yes WAPD-C-110 | Thin, loose
42 | 500 | 500 40 0.01 30 0.01 [Yes WAPD-C-110 | Thin, loose
43 500 | 500 25 [ -0.01 30 —-0.01 |Yes WAPD-C-115
44 500_| 500 25 | -0.01 30 —-0.01 |Yes WAPD-C-115 | Good
45 500 | 500 25 -23,2 30 |~23.2 |Yes (1) —0.23| WAPD-C-115
46 500 | 500 |2 0.16 30 0.16 [Yes (1) -0.16| WAPD-C-120 | Good
47 500 | 500 |2 0.01 0.01 0.01 [Yes (1) 0.01| WAPD-C-120 | Doubtfu!
48 | 1000 | 500 25 | -0.01 30 0.01 |Yes WAP D-C-122
49 | 1000 | 500 25 | -1.65 30 —1.65 [Yes (1) -1.65| WAPD-C-122 { Good
50 500 | 500 25 0 0.01 0 Yes WAP D-C-122 | Doubtful
51 500 | 500 | 2 0.01 30 0.01 |Yes WAP D-C-122 | Good
52 500 [ 500 |2 0.08 0.01 0.08 |Yes WAPD-C-122 | Good
53 | 1500 | 500 -0.06 |30 ~0.06 |Yes WAP D-C-125 | Loose, good, blve
54 | 1500 | 500 ~0,01 |0.01 | -0.01 WAP D-C-125 | Good
55 500 | 500 25 | -0.01 30 -0,01 WAPD-C-129
56 | 1000 | 500 25 | -0.01 30 -0.01 WAP D-C-129
57 | 1000 | 500 25 0 0.01 0 WAP D-C-129
58 | 1000 | 500 50 0 30 0 Yes WAPD-C-135 | Good
59 | 1000 | 500 50 0 0.01 0 Yeos WAPD-C-135 | Good
60 | 1500 | 500 50 | -0.01 30 -0.01 WAPD-C-141 | Good
61 | 1500 | 500 50 | -0.01 0.01 | -0.01 WAPD-C-141 | Good
62 500 | 500 0.2 -0.16 30 ~0.16 |Yes (1) =0.16| ANL-4950
63 500 | 500 | 0.2 -0.20 0.01 | =0.20 |Yes (1) =0.20| ANL-4950
64 500 | 500 -1.29 [30 ~1.29 (1) =1.29| ANL-4950
65 500 | 500 -0.36 ~0.36 (1) -0.36] ANL-4950
66 | 1000 | 482 [ 1300 [* 0.16 30 -0.16 ORNL-1605
67 | 1000 | 482 | 1300 0.08 30 -0.08 ORNL-1605
68 | 1000 | 482 1200 0.16 30 -0.16 ORNL-1605
GENERAL KEY
Time — Length of submersion Add. - Additives Welded (Type) Surface Finish (Type) Treatment (Type)
Flow 1. NaOH 1. As welded 1. Vapor-blosted 1. Malcomized
Avtoclave 2, LiOH 2, Quenched 1900° 2, Machined 2. Chrome-plated
bor. — Dotonize :: Egioaemd Heat Teeatment (Type) i (E;::t;:':polished 3. Scottsonized
: 1. Annealed : Reference — Reference in bibliography
Resist. — Resistivity lerodiated 2. Hardened 5. Passivoted

Distiiled water

F&T — Fast ond thermal neutrons

Remarks — Color refers to oxide film

-061-



MATERIAL _316 55

Corrosion Rates in mg/em2-mo

Dissolved Gases Irradiated
No. Time T:mp. Oygen Hydrogen Degossed Flow Dei. Resist. Add. oH FaT Welded Heat Treatment Slre'ss Surfoce Finish | Trmatment Reforence Ramerks
thr) | (°F) Carr. (fps) | Corr. (megohm-cm) (10" vy Corr. | Type | Corr.' | Type | Com. | (psid Type | Corr. Type
{cc/L) Corr, {ecc/L) [ Corr.

1 500 500 1.7 -0.10 30 -0.10 (1) 10 ANL-4519

2 500 500 1.7 0.05 0.01 0.05 (1) 10 ANL 4519

3 500 500 2.1 -0.17 30 -0.17 7 ANL -4519

4 500 500 2. 0.04 0.01 0.04 7 ANL-4519

5 850 500 1.7 -0.04 30 -0.04 (1) 10 ANL 4519

6 850 500 1.7 -0.0% 0.01 -0.01 (1) 10 ANL-4519

7 850 500 2.1 0.04 30 0.04 7 ANL-4519

8 850 500 2.1 -0.01 0.01 -0.01 7 ANL-4519

9 1350 500 1.7 -0.07 30 -0.07 (1) 10 ANL-4519
10-1 1350 500 1.7 0.01 0.01 0.01 (1) 10 ANL-4519
LAl 1350 500 2.4 -0.04 30 -0.04 7 ANL-4519
12 | 1350 [ s00 | 2.1 0.01 0.01 | o0.01 7 ANL-4519
13 500 500 1.7 -0.09 30 -0.09 1) 10 (2) -0.09 ANL-4519
14| s00| so0 | 1.7 0.05 0.01| o.05 m 10 (2) 0.05 ANL-4519
15| 500 so0 | 2.1 -0.18 30 —0.18 7 (2) | -o0.18 ANL-4519
16| 500 | s00 | 20 0.05 0.01 [ 0.05 7 20 | o005 ANL-4519
17 850 500 1.7 -0.03 30 -0.03 (1) 10 (2) -0.03 ANL-4519
18 850 500 1.7 ~0.02 0.01 0.02 m 1o (2) 0.02 ANL-4519
19 850 500 21 0.05 30 0.05 7 (2) 0.05 ANL-4519
20 850 500 2.1 ] 0.01 0 7 (2) 0 ANL-4519
21 1350 500 1.7 -0.05 30 -0.05 m 10 2) -0.05 ANL 4519
22 1350 500 1.7 0 0.01 0 (1) 10 {2) 0 ANL-4519
23 1350 500 2.1 -0.04 30 ~0.04 7 (2) -0.04 ANL-4519
24 1350 500 2.1 0.02 0.01 0.02 7 (2) 0.02 ANL-4519
25 500 500 1.7 -0.11 30 ~0.11 ) 10 (1) -0.11 ANL-4519
26 500 500 1.7 0.03 0.01 0.03 (1) 10 {1) 0.c3 ANL4519
27 500 500 2.1 -0.19 30 -0.19 7 (1) =0.19 ANL-4519
28 500 500 2.1 0.05 0.01 0.05 7 {1) 0.05 ANL-4519
29 850 500 1.7 -0.05 30 -0.05 1) 10 (1) -0.05 ANL-4519
30 850 500 1.7 -0.02 0.01 ~0,02 (1) 10 {1) -0.02 ANL-4519
31 850 500 2.1 0.03 30 0.03 7 {1 0.03 ANL 4519
32 850 500 2.1 0 0.01 0 7 (1) 0 ANL-4519
33 1350 500 1.7 -0.06 30 -0.06 (1) 10 (1) -0.06 ANL-4519
34 ) 13so| soo [ 1.7 0 .01 o m 10 n 0 ANL-4519
35 1350 500 2.1 -0.05 30 -0.05 7 (1) ~0.05 ANL-4519

Time — Length aof submersion

Flow

1. Autoclave
Dei. — Deianize

Resist. — Resistivity
1. Distiited woter

- .

Add. - Additives
1. NaOH
2. LiOH
3. Hy BO3
4. Passivated

Irradioted

F&T ~ Fast and thermal nsutrons

GENERAL KEY

Welded (Type)

1. As welded
2. Quenched 1900°

Heat Treatment (Type}

1. Annealed
2. Hardened

Surface Finish (Type)

1.
. Machined

moAw N

Vapoar-blasted

Electropolished

. Ground

Passivated

Treatment (Type)

1. Malcomized

2. Chrome-plated

3. Scottsonized

Reference ~ Reference in bibliography

Remorks — Color refers to axide film

-6t~




—

MATERIAL _316 SS (continued)

Corrosion Rates in mg/cmz-mo

T Dissolved Gases o trradioted Welded " T surt . .
im mp. egassed Resist. elde eat Treatment urface inis
No. “'")e T(iF;’ Oxygen Hydrogen . . Dei (mego"‘m_cm) Add. | pH ST | o o Tem T e T con S(::)s e T TmTa;::,.. Retorance Romorke
(cesLy| Cor | ey | Corn. (1077 nvt)
36 1350 500 2.1 0.02 0.01 0.02 7 {1) 0.02 ANL-4519
37 500 500 -0.09 30 -0.09 | Yes WAPD-C-110
38 500 500 -0.03 0.01 —0.03 | Yes WAPD-C-110
39 1000 500 —-0.06 30 -0.06 | Yes WAPD-C-110
40 1000 500 —0.08 0.01 -0.08 | Yes WAPD-C-110
41 500 500 40 0.01 30 0.01 | Yes WAPD-C-110
42 500 500 40 0.02 30 0.02 | Yes WAPD-C-110
43 1500 500 2 0.02 30 0.02 | Yes WAPD-C-120 Glossy, good
44 1500 500 2 0.03 0.01 0.03 | Yes WAPD-C-120 Violet, good
45 500 500 50 0 0.01 Yes WAPD-C-129
46 500 500 50 -0.01 30 -0.01 Yes WAPD-C-129
47 1500 500 1 0 30 wAPD-C-137
48 1500 500 5 0.02 30 0.02 WAPD-C-137
49 500 500 500 0.01 30 0.01 WAPD-C-137
50 500 500 500 0.0t 0.01 0.01 WAPD-C-137
51 500 | 500 | 0.2 0.02 30 0.02 | Yes ANL-5011
52 500 500 2 0.02 30 0.02 | Yes ANL-5011 '
53 500 500 2 0.08 0.01 0.08 | Yes ANL-5011 -t
54 500 500 500 0.02 30 0.02 | Yes ANL-5011 %
55 | 500 | 500 500 0.01 0.01 0.01 | Yes ANL-5011 !
56 | 500 | 500 -0.04 30 ~0.04 | Yes ANL-5011
57 500 500 0 0.01 Yes ANL-5011
58 500 500 0.2 -0.85 30 Yes 1) -0.85 ANL-4898
59 500 500 0.2 -0.74 30 Yes (1) -0.74 ANL-4898
60 500 500 0.2 -0.75 30 Yes 1) -0.75 ANL-4898
61 1000 500 0.2 -0.48 30 Yes (1) -0.48 ANL-4898
62 500 500 2 0.02 30 Yes (1) 0.02 ANL-4898
63 1000 500 2 -0.01 30 Yes [§}] -0.01 ANL-4898
64 500 500 500 0 30 Yes (1) 0 ANL-4898
65 500 500 500 -0.02 30 Yes 2) 0 ANL-4898
66 1000 500 500 0.02 30 Yes (1) 0.02 ANL-4898
67 500 500 -0.04 30 Yes {2) 0.02 ANL-4898
68 500 500 -0.35 30 Yes (1) —0.04 ANL-4898
69 500 500 -0.34 30 Yes ) -0.35 ANL-48%8
70 | 1000 500 -0.17 30 Yes (1) -0.34 ANL-4898
GENERAL KEY
Time — Length af submersion Add. — Additives Welded (Type) Surface Finish (Type) Treatment (Type)
Flow 1. NoOH 1. As welded 1. Vapor-blasted 1. Maicomized
1. Avtoclave 2. LiOH 2. Quenched 1900° 2, Machined 2. Chrome-plated
. 1. Annealed . Reference — Reference in bibliography
Resist. — Resistivity 5. Passivated

1. Distiiled water

lrradiated

F&T — Fast and thermal neutrons

2. Hardened

Remarks ~ Color refers to oxide filin



MATERIAL _316 SS (continued)

Corrasion Rates in mg/cmz-mo

Dissoived Gases Irradiated

Ne. Time T:mp. Oy gen Hydrogen Degassed Flow Do, Resist. Add. oH - Welded Heot Treatment S're.ss Surface Finish | Treatment Reforance Remarka

) o (ce/L)| Corr. | {(cc/L) | Corr. cor thes) Corr. (megohm-em) (10t? nvt) Corr. Type | Corr. Type Corr. o1 Type [ Corr. Tree
71 1500 500 -0.11 30 Yes {1} -0.11 ANL-4898
72 500 500 0.2 -0.11 0.01 —0.11 | Yes {1) -0.11 ANL-4898
73 500 500 2 0.02 0.01 0.02 | Yes 1) 0.02 ANL-4898
74 500 500 500 0.01 0.01 0.01 Yes {2) 0.01 ANL-4898
75 500 500 500 -0.07 0.01 -0.07 (1) -0.,07 ANL-4898
76 500 500 0 0.01 0 (2) 0 ANL-4898
77 500 500 ~0.13 0.01 | -0,13 [4)] -0.13 ANL-4898
78 1000 500 0.2 -0.04 0.00 —-0.04 (1) -0.04 ANL-4898
79 1000 500 2 0.03 0.01 0.03 (1)) 0.03 ANL-4898
80 1000 500 500 -0.03 0.01 -0.03 [§))] -0.03 ANL-4898
81 1000 500 -0.06 0.01 -0.06 {1} -0.06 ANL-4898
82 620 500 1-3 0.04 3.1 0.04 (2)(3) 9 ANL-5059
83 500 500 100 0.02 30 0.02 | Yes ANL-4950
84 500 500 100 -0.01 0.01 -0.01 Yes ANL-4950
85 500 500 100 0.01 30 0.01 Yes ANL-4950
86 500 500 100 0 0.01 0 Yes ANL-4950
87 500 500 50 0 30 0 Yes ANL-4950
88 500 500 50 -0.01 0.01 -0.01 Yas ANL-4950
89 500 500 50 -0.01 30 -0.01 Yes ANL-4950
90 500 500 50 0 0.01 0 Yes ANL-4950
91 1000 482 1300 0.03 ORNL-1605
92 1000 482 1300 0 ORNL-1605 Cast
93 1000 482 1200 0.12 ORNL-1605
94 1000 482 1200 0.03 ORNL-1605 Cast
95 2160 500 30 -0.03 10 -0.03 14.3 6.15 See Raf, 52
96 1440 500 30 -0.00 0.01 0 14.3 6.15 See Ref. 52
97 2160 500 30 -0.03 10 -0.03 14.3 6.15 -0.03 See Ref. 52
98 1440 500 30 -0.05 0.01 -0.05 14.3 6.15 -0.03 See Ref. 52
99 2160 500 30 -0.01 10 -0.01 14.3 6.15 {a) -0.01 See Ref, 52
100 1440 500 30 —-0.01 0.01 -0.01 14.3 6.15 (a) -0.01 See Ref. 52

Time ~ Length of submersion

Flow

. Avutoclave

Dei. ~ Deionize

Resist. — Resistivity

- —

. Distiiled water

Add., ~ Additives

1. NaOH
LiOH

2.
3. Hy 80,
4.

Passivated

lrradisted

F&T — Fast and thermal neutrons

GENERAL KEY

Welded (Type) Surface Finish (Type)

1. As welded 1. Vapor-blasted
2. Quenched 1900° 2. Mochined
Hoor Treatment (Type) 3. Electropolished
1. Annealed 4. Ground
5. Possivoted

2. Hardened

Tre atment (Type)
1. Malcomized
2. Chrome-plated
3. Scoftsonized

Reference —~ Reference in bibliography

Remarks ~ Color refers to oxide film

SPECIAL CODE

(a) Sensitized

-€q1-




MATERIAL _322W S§

Corrosion Rates in mg/cm2-mo
Dissolved Gaoses irradiated
o, | Time TgmpA Onygen Hydragen Degassed Flaw Dei. | Resist Add. oH ot Welded Heat Treatment Stross Surtace Finish | Treatment| Romarks
they | (°F) Corr. (fps) | Corr. (megohm-cm} (1019 nvr) Corr. | Type | Corr. Type | Cor. | (psi) Type | Corr. Type
{cc/L)| Corr. |{cc/L)} Corr.
1 500 500 1 -0.05 30 -0.05 | Yes (1)-0.05 WAPD-C-110
2 500 500 4.5 200 -0.04 (2) -0.04 WAPD-C-110 Fair
3 500 500 25 [-21.60 {1)-21.6 WAPD-C-115 D oubtful
4 1500 500 200 -0.02 30 -0.02 (2) -0.02 WAPD-C-115 Good
5 500 500 2 0.16 30 0.16 (1)0.16 WAPD-C-120 Good
6 | 1900 500 200 | -0.02 30 -0.02 2) -0.02 WAPD-C-122 D oubtful
7 500 500 -0.71 30 -0.71 WAPD-C-125 D oubtiul
8 500 500 0.1 0.01 0.11 WAPD-C-125 Doubtfu|
9 500 500 -0.28 30 -0.28 WAPD-C-129 Grey, good
10 500 500 1 0.05 30 0.05 | Yes WAPD.C-129 Good
n 500 500 1 0.06 0.01 0.06 | Yes WAPD-C-129 Good
12 | 3000 500 200 -0.03 30 —-0.03 (2) -0.03 WAPD-C-135 Doubtful
13 | 3600 500 200 -0.03 30 -0.03 | Yes {2) -0.03 WAPD-C-141 D oubtfui
14 500 500 50 -0.26 30 -0.26 | Yes WAPD-C-141 D oubtful
15 1500 500 1 0.02 30 0.02 WAPD-C-141 Good
16 | 1500 500 1 0.03 0,01 0.03 WAPD-C-141 Good
17 1500 500 -0.30 30 ~0.30 | Yes WAPD-C-137 D oubtful
18 | 1500 500 -0.01 0.01 -0.01 Yes WAPD-C-137 Good
19 | 1000 500 1 0.02 30 0.02 WAPD-C-137 Glossy
20 | 1655 500 T=3.3] -0.02 (2) -0.02 ANL-HE-1101
21 1655 500 T=3.3| -0.03 (2) —-0.02 ANL-HE-1101
22 | 2000 540 T=3 —-0.01 (2) -0.01 ANL-4795
23 | 2000 540 T=3 0 {2) 0 ANL-4795
24 625 500 1-3 0.26 3.1 0.26 {2)(3) 9 ANL-5059
25 500 500 50 -0.26 30 -0.26 | Yes 0.5-1.7 6.6-7.4 ANL-5059 D oubtful
26 | 1500 | 500 50 | -0.30 0.01 | —0.30 | Yes 0.5-1.7 6.6-7.4 ANL-5059
27 | 4380 540 =1 0.12 ANL-5059 Cpld. to 17-4
T=10
28 | 4380 540 (o) 0.01 ANL-5059 Cpld. to 17-4
29 | 4380 540 F=1 0.06 ANL-5059 Cpld. to Stellite-6
T=10
30 | 4380 540 {a}) 0.03 ANL-5059 Cpld. to Stellite-6
31 | 4380 | 540 F= 0.16 ANL-5059 Cpld. to Haynes 25
T=10
32 | 4380 | 540 (a) 0.07 ANL-5059 Cpld. to Haynes 25
GENERAL KEY SPECIAL CODE
Time - Length of submersion Add. - Additives Welded (Type) Surface Finish (Type} Treatment (Type) (a) Control
Flow 1. NoOH 1. As welded 1. Vapor-blosted 1. Malcomized
1. Autoclave 2, LiOH 2, Quenched 1900° 2. Machined 2, Chrome-plated
Dei. - Deionize i. ::2?330,33 Heat Treatment {Type) i. Z:z::polished 3. Scoftsonized
. 1. Annealed . Reference — Reference in bibliography
Resist. — Resistivity trrodiated 2. Hordened 5. Passivoted

1. Distilled woter

F&T — Fast and thermal neutrans

Remarks — Colar refers to oxide film

i 41




MATERIAL __322W SS (. i d)

Corrosion Rates in mg/cmz-mo

Dissolved Gases

-GG (-

No.| Time TZmp' Oxygen Hydrogen Degossed Flo Dei, | | Nesist Add. pH F;"T"d'“"d torded oot Treatment S"e.“ Sutace Tinish | Treatment Reference Romarks
o) | (°F) Core | (ips) | Corn, {megohm-cm) (1017 ayn| €| Tyee | Corm | Type | Com. | ®5) [ Type | Com, | Tree
(ce/L)| Corr. |{ce/L}| Corr.

33 500 500 0.2 -0.17 30 =0.17 | Yes 1)-0.17 ANL-4950

34 500 500 0.2 —=0.20 0.01 | —0.20 | Yes (1)-020 ANL-4950

35 | 1000 482 1300 0.08 30 ORNL-1605

36 | 1000 482 1300 0.12 30 (2) 0.2 ORNL-1605

37 | 1000 482 1300 3.00 30 (1)3.00 ORNL-1605

38 [ 1000 1200 0.34 30 ORNL-1605

39 | 1000 1200 0.41 30 (2) 0.41 ORNL-1605

40 | 1000 1200 3.50 30 (1)3.50 ORNL-1605

4] 340 | 500 30 0.01 1)} {2)(0) 0.01 (5) 0.01 ANL4519

42 | 1200 500 30 0.017 (1) (2Xa) (5) ANL 4519

43 1966 500 30 —0.037 {1} (2) (e} (5) ANL4519

44 | 2704 500 30 -0.034 (1) (2)(a) (5) ANL4519

45 | 3421 500 30 0.03 M (2Xo0) (5) ANL-4519

46 | 4139 500 30 =0.11 (1 (2)(e) {5) ANL 4519

47 | 4875 500 30 0.12 (1 (2)(0) (5) ANL4519

48 | 5614 500 30 —0.0% ) (2)(a) (5) ANL 4519

49 | 6308 500 30 0.13 ) (2)(9) (5) ANL 4519

50 | 7046 500 30 0.07 Q) (2Xa) (5) ANL4519

51 | 7782 500 30 0.08 [8)] (2)(0) (5) ANL-4519

52 334 500 30 -0.04 (1) ) -0.04 ANL-4519 Welded to 347
53 334 500 30 0.01 (1) m 0.01 ANL 4519 Welded to 347
54 | 1144 500 30 0.01 (1) [4))] 0.01 ANL-4519 Welded to 347
55| 1144 | 500 | 30 0 @) m 0 ANL-4519

Welded 10 347 |

Time — Length of submersion

Flow

1. Autoclave
Dei. — Deionize

Resist. — Resistivity
1. Distiiled water

e —

Add. — Additives

1. NaOH
LiOH

2,
3. Hy BOJ
4,

Passivated

lrradiated

F&T ~ Fast and thermal neutrons

GENERAL KEY
Welded (Type)
1. As welded
2. Quenched 1900°
Heot Treotment (Type)
1. Annealed
2. Hordened

Surface Finish (Type)
1.

3.
. Ground

. Possivated

[LIFS

Yapor-blasted
Machined
Electropolished

SPECIAL CODE
Treatment (Type) (o) Rc4g
1. Malcomized
2. Chrome-plated
3. Scottsonized

Reference — Reference in bibliography

Remarks — Color refers to oxide film




MATERIAL _347 88

Corrosion Rates in mg/emZ-mo

Dissolved Gases 5 El Irradiated Welded " T Surf . .
i ow i eide eat lreatment urface Finis
No. T(;",‘f T(zg" Oxygen Hydrogen caossed e ™ (mfj;':.;m) Add. | pH S o e e s 5(':;‘ T “;"y'::"' Reforence Remarks
(ce/Ly| Corr. | (eerLy | Corr. (1077 avt)
1 720 | 500 -0.04 ) —0.04 ANL-4300
2 | 5000 | 500 25 -0.01 30 -0.01 1) ANL-HE-1478
3 | 5000 | 600 25 —0.01 30 -0.01 () ANL-HE-1478
4 | 2500 | 500 25 -0.05 30 -0.05 m ANL-HE-1478
5 | 2832 | 540 25-39 | 0.08 10.5 0.08 T=55 0.08 ANL-HE-1478
F -1
6 | 4800 | 540 25-39 | 0.1 10.5 0.11 T=9 0.1 ANL-HE-1478
F=1.8
7 | 7762 | 500 30 0.02 (1) ) ANL-4519 Good
to 0,00
8 353 | 500 1500 | -0.12 13} ) (1) n ANL-4519 Good
9 400 | 500 30 0.00 | 18 0.10 0.04 (1) [ ANL 4519 Cladding
10 | 2930 600 240 (1) 1) (1)}2) | -0.01 (5)(b) ANL-4519 Good
-0.02
1n | 2301 600 70 1)) [4)) (1%2) | 0.02 (5)(b) ANL-4519 Good
—0.00
12 331 600 30 (4] ) (1) -0.10 ANL-4519 Good '
-0.27 —
(8,]
13 331 600 30 () () (1y | -1.20 ANL-4519 Good [« 3
—2.50 [}
14 895 | 600 3-5 30 -0.05 ) -0.05 (a) ANL-4519 Good
15 | 5503 500 -0.01 M m (2) -0.01 (5)b) ANL-4519 TS347A
16 | 5471 500 30 0.01 n (1) (2) 0.01 (5)(b) ANL-4519 TS347A
17 | so00 | 500 30 -0.02 Yes 30 1)) ANL-4519
18 | 2500 [ 600 30 0.01 30 ) ANL-4519
19 700 | 500 0.02 0 28 ANL-4519
20 | 3200 | 450 T=1.2 0.00| (2) 0.00 ANL 4537
21 260 500 2-3 0.31 None 7-8 ANL-4641
22 310 | 500 16 -0.46 \ 7 ANL-4641
23 290 | 500 1300 0.04 Yes 7 ANL-4641
24 | 2000 | 540 T=3 0.01 ANL-4795 TS347A
25 | 500 | 500 2 -0.09 | 500 0.01 30 Yas 2) 0.01 ANL-4898
26 500 | 500 2 500 -0.13 30 Yos m -0.13 ANL-4898
27 500 | 500 2 0.08 | 500 -0.01 0.01 Yes 2) -0.01 ANL 4898
28 500 { 500 500 -0.21 0.01 Yes m -0.21 ANL-4898

Flow

1. Autoclave

Dei. — Deicnize

1. Distilted water

Resist. — Resistivity

Time — Length of submersion

Add. — Additives

1. NoOH
2. LiOH
3. HJBO:’

4. Passivated

trradiated

F&T — Fast and thermal neutrons

GENERAL KEY

Welded (Type)

1. As welded
2. Quenched 1900°

Heat Treatment (Type)

1. Arnnealed
2. Hardened

Surface Finish (Type)

1. Vapor-blasted
2. Machined

oA

Electropolished
Ground

Passivated

Treatment {Type)

1.

Malcomized

2. Chrome-plated

3. Scottsonized

Reference — Reference in bibliography

Remarks — Colar refers to oxide film

SPECIAL CODES

() 10,000
{b) HNO,




MATERIAL _ 347 SS {continued) |

Corrosion Rates in mg/cm2-mo

Dissolved Gases Irradiated i
. Time T:mp_ Omraen Hydrogen Degassed Flow - Resist. A, o g Welded Heat Treatment s"e‘s, Surtace Finish | Treatment Reforance Remarks
(e} | (°F) Core. (fps) | Corr. (megohm-cm) (1019 r) Corr. | Type [ Corr. Type | Com. | (psi) Type | Corr. Type
(ec/L)| Corr. {ce/L) | Corr.
29 | 1000 | 500 2 —-0.04 | 500 -0.03 30 Yes ) ~0.03 ANL 4898
30 | 1500 | s00 | 2 -0.04 | 500 0.00 30 Yes (2) 0 ANL-4898
N 500 [ 500 | 2 -0.01 | 500 0.00 | -0.09 30 Yes Yes (2) 0 ANL-4898
0.2 -0.41 ‘
32 | 1000 ( 500 | 2 0.00 | s00 0.01 | -0.04 30 Yes Yas (2) 0.01 ANL 4898 |
0.2 ~0.50
33 | 1500 | s00 | 2 0.00 | 500 0.00 | -0.04 30 Yes Yes (2) 0 ANL 4898
0.2 -0.39 |
34 500 | 500 | 2 0.08 | s00 -0.01 0.01 Yes (2) ANL 4898 ‘
35 | 1000 | 500 | 2 0.06 | 500 0.00 0.01 Yes (2) ANL-4898
36 | 1500 | 500 2 0.05 | 500 -0.01 0.01 Yes (2) ANL-4898 |
37 500 | 500 | 2 0.03 | 500 0.00 [ -0.04 0.01 Yes (2) Yes (2) ANL-4898 |
0.2 0.03 |
38 | 1500 | 500 2 -0.04 | 500 0.00 0.00 0.01 Yes 2) Yes 2) ANL-4898 |
0.2 0.02 |
39 | 1000 | 500 [ 2 0.01 0.01 | Yes ANL-5011 347A
30 -0.01
40 | 1000 { 500 50 0.01 [ ~0.01 | Yes ANL-5011 347A L ‘
0.30 | -0.01 o |
41 | 1500 | 500 | 0.2 30 —-0.40 | Yos ANL-5011 ?‘
0.01 | -0.02
42 | 1500 | so0 | 2 30 0.01 | Yes ANL-5011 |
0.01 0.03 |
43 | 1500 | s00 500 30 0.00 | Yes ANL-5011
0.01 0.00 |
44 | 1500 | 500 Yes 30 —0.03 | Yes ANL-5011
0.01 0.04
45 | 1500 | 500 | 0.2 30 -0.39 | Yes (1) Yes ANL-5011
0.01 | -0.04
46 | 1500 | 500 | 2 30 0.00 | Yes ) Yes ANL-5011
0.01 0.02
47 | 1500 [ 500 . 500 30 0.00 | Yes () Yes ANL-5011
0.01 0.00
48 | 1500 | 500 Yes 30 —~0.04 | Yes ) Yes ANL-5011
0.01 0.00
GENERAL KEY |
Time — Length of submersion Add. — Additives Welded {Type) Surface Finish (Type) Treatment (Type) - |
Flow 1. NaOH 1. As welded L. Vapor-blasted 1. Malcomized
1. Avtoclaye 2. LiOH 2, Quenched 1900° 2, Machined 2, Chrome-plated j
) o 3. H3503 Heat Treatment {Type) 3. Electropolished 3. Scottsonized
Dei. - Deionize 4. Possivoted 1. Annealed 4. Ground Reference — Reference in bibliography |
Rosist. - Resiativity trradioted 2. Hordened 5 Possivated Remarks — Color refers 1o oxide film
1. Distiiled water

F&T — Fast ond thermal neutrons

- —




MATERIAL _347 SS (continued)

Corrosion Rates in mg/cm2-mo

Dissolved Gases Ireadiated
No. | Time | Teme. Oxygen Hydragen Degassed Flow Dei Resist Add. | pH FaT Yo ded Heat Treotment | - Stress Surboce Finish | Treatment| ¢ @ nce Remarks
S (cc/L)| Corr. |[(ce/L) | Corn corr (fps) | Corr. (megohm-cm) (10'? nvr) Core- | Type | Corr. Tyee | Cor. (s Type | Corr. Tyee
49 | 1000 | 482 1300 0.07 30 Yeos ORNL-1605
50 | 1000 482 1200 0.10 30 Yes ORNL-1605
51 | 1655 | 540 Yes F=3.3 | -0.02 ANL-HE-1101 3474
-0.01
52 | 1655 | 540 F=33 0.05 2) ANL-HE-1101
0.04
53 | 1500 500 50 0.00 30 0.5-1.7 6.6-7.4 m 0.00 ANL.-5059
s4 | 1000 | 500 25 0.02 30 0.9-3.0 6.4-7.7 ) 0.02 ANL-5059
55 | 4380 | 540 T=1 0.41 ANL.-5059
F=10
56 | 4380 | 540 F=10 0.10 ANL-5059 Control
57 161 500 m 0.00 (b) ANL-5059
58 161 500 (1) 0.03 (b) ANL-5059
59 161 500 (1) 0.01 (b) ANL.-5059
60 161 500 M 0.01 (b) ANL-5059
61 161 500 {1} 0.01 (b) ANL-5059
62 161 500 ) 0.09 (a) ANL-5059
63 161 500 0.04 (a) ANL-5059
64 161 500 ) 0.03 (a) ANL-5059
65 | 620] 500 1-3 -1.50 3.1 -1.50 (2)(3) 9 ANL-5059 P oison loop
66| 985 500 100 0.04 20 3 3) 0.04 WAPD-C-110
67| 985| 500 100 0.00 20 (2) 0.00 WAPD-C-110
68 653 600 240 (1) ) [ 0.01 (c) ANL-4519 Good
2) 0.02
69 | 1418 600 240 () [§))] ) 0.02 (<) ANL-4519 Good
(2) 0.00
70 | 2180} 600 240 [§)] () (1) 0.02 (c) ANL-4519 Good
2) 0.03
71| 2930 | 600 240 m M 1y | -0.00 () ANL-4519 Good
{2) -0.02
72 789 600 70 m 1) 4D} 0.03 (c) ANL-4519 Good
{2) 0.02
73 | 1551 600 70 ) m (1) | -0.03 (c) ANL4519 G ood
(2) | -0.01
GENERAL KEY SPECIAL CODE
Time ~ Length of submersion Add. - Additives Welded (Type) Surface Finish (Type) Treatment (Type) (a) MgFISiO,
Flow 1. NaOH 1. As welded 1. Vapor-blasted 1. Malcomized (b) Zn FISiO,
 Avtoclave 2, LiOH 2. Quenched 1900° 2. Machined 2. Chrome-plated (c) HNO,
. 1. Annealed Reference — Reference in bibliogrophy
Resist. — Resistivity lecadiated 2. Hardened 5. Possivoted

. Distiiled water

F&T — Fast and thermal neutrons

Remorks — Color refers to oxide film

-8G1-




MATERIAL 347 S5 (continued)

Corrosion Rates in mg/:mz-mo

Dissolved Gases Irradioted
. Time T;mp‘ Orraen Hydrogen Degassed Flow Do Resist. Ad. " - Welded Heat Treatment S|re.ss Surface Finish | Treatment Reference Remorks
(he) | (°F) Corr. (fps) | Corr. (megohm-cm) (01% ) Cort. | Type | Corr. | Type | Cor. | (psi) Type | Corr. Type
(ec/L)| Corr. |(ce/L)| Corr.
74 ] 2301 | 600 70 1)) m [} 0.02 (a) ANL-4519 Good
(2) | -0.00

75 1500 | 500 -0.33 30 -0.33 1) -0.33 ANL 4519

76 280°C =9 ~0.13 RH3

77 280°C =8 0.08 ) RH-3

78 | 1000 | 500 -0.31 30 0.3 WAPD-C-110 347A

79 | 1000 | 500 -0.03 0.01 | -0.03 WAPD-C-110

80 | 1500 | 500 [ 0-1 0.01 30 0.01 WAPD.C-110

81 | 1000 500 [ 4.5 200 0 Yes WAPD-C-110

82| 1000 500 | 4.5 200 -0.01 Yes WAPD-C-110

83 500 | 500 40 0.01 30 0.01 | Yes WAPD-C-110

84 500 [ 500 40 0.01 0.01 0.01 | Yes WAPD-C-110

85| 500 500 25 ~0,03 30 -0.03 | Yes ) | -o0.03 WAPD-C-115 Doubtful
86 500 | 500 25 -0.03 30 -0.03 | Yes WAPD-C-115 Good

87 | 1500| 500 200 0.01 30 0.01 | Yes WAPD-C-115

88 500 | 500 100 -0.01 20 ~0.01 | Yes (2) -0.01 WAPD-C-120

89 | 1000| 500 [ 2 0.02 30 0.02 | Yes WAPD-C-120 Good
90| 1000| 500 | 2 0.05 0.01 0.05 | Yes WAPD-C-120 Good

91 | 1500 | 500 -0.22 Yos WAPD-C-120 Nicrobraze
92 500 | 500 0.08 2 0.02 20 0.02 10 (2) 0.02 WAPD-C-122 Black film
93| 1900 500 200 -0.01 30 ~0.01 | Yes WAPD-C-122 Good

94 | 1900| 500 200 -0.01 30 ~0.01 | Yes WAPD.C-122 Good

95| 1000 | 500 25 -0.02 30 -0.02 | Yes (1) | -0.02 WAPD-C-122

96 | 1000] 500 25 -0.02 30 ~0.02 | Yes (1) | -0.02 WAPD-C.122

97| 1500| s00 | 2 0.02 30 0.02 | Yes WAPD-C-122 347A

98 500 | 500 100 -0.03 0 (5) 0 WAPD-C-125

99 500 500 0.1 2 0.02 10.5 WAPD-C-125

100 836] 500 | 0. 2 0 10 0 10.5 (2) 0 WAPD-C-125

101 836 500 | 0.1 2 -0.01 20 -0.01 10.5 (2) 0.01 WAPD.C.125

102 836 500 | 0. 2 -0.10 10 -0.10 @ ~0.10 WAPD-C-125

103 83| 500 | 0. 2 —0.02 20 -0.02 (2) -0.02 WAPD-C-125
104| 83| 500 | o0a 2 0.01 10 0.01 (2) 0.01 WAPD-C-125

105 83| 500 0. 2 -0.05 20 ~0.05 ) -0.05 WAPD-C-125

106 500 500 -0.07 30 ~0.07 | Yes WAPD-C-125 Good
107 500{ 500 100 -0.,03 Yes 10 -0.03 2) -0.03 WAPD-C-129 Brown

Time ~ Length of submersion

Flow

1. Autoclave
Dei. ~ Deionize

Resist. — Resistivity
1. Distiiled water

-

Add. ~ Additives

NeOH
LiOH

lrradiated

1.
2,
3. H:i 803
4,

Passivated

F&T ~ Fost and thermal neutrons

Welded (Type)

GENERAL KEY

Surface Finish (Type)
1. As welded 1. Vapar-blasted

2. Quenched 1900° 2. Machined
Heot Treotment (Type) 3. Electropolished
1. Annealed 4. Graund
5. Passivated

2, Hardened

Treatment (Type)

1. Malcomized

2. Chrome-plated

3. Scottsonized

Reference — Reference in bibliography

Remarks ~ Color refers to oxide film

SPECIAL CODE
(a) HNO,

=651~



MATERIAL __347 5S (continued)
Corrosion Rates in mg/cmZ-mo
Dissclved Gases o Fi & lrradiated Welded H T Sork £ N
i ow ist. elde: eat Treatment urface Finis
Na. T(}':; T(Zr;; Oxygen Hydrogen ’g:":’d T o] > (me;:}::_cm) Add. | pH T | T e | con, S(':i‘)’ - - T"’T“y":e"' Reference Remarks
(ce/L) | Corr. | (cc/L) | Corr. (10" 7 nvt) yp! ype
108 500 500 100 -0.05 Yes 20 -0.05 (2) —-0.05 WAPD-C-129 Brown
109 500 500 100 0.01 10 0.01 (3) 0.01 WAPD-C-129 Bright
110 500 500 100 0.01 20 0.01 (3) 0.01 WAPD-C-129 Bright
LRI 500 500 100 0.01 20 0.01 (a) 0.01 WAPD-C-129 Shiny
112 1000 500 500 0 30 0 WAPD-C-129 H odded cold ‘
113 500 500 500 0.12 30 0.12 WAPD-C-129 H 2 added hot
114 100 500 500 0.05 30 0.05 WAPD-C-129 Hg added hot
15 1500 500 500 0 30 0 WAPD-C-129 H added hot
116 2000 500 500 0.01 30 0.01 WAPD-C-129 H2 added hot
17 500 500 -0.06 30 -0.06 Q)] -0.06 WAPD-C-129 Good
118 500 500 0.01 10 0.01 {2) 10.5 WAPD-L-135 Dull, dark
19 500 500 0 20 0 (2) 10.5 WAPDL-135 Dull, dark
120 | 3000 500 200 -0.01 Yes WAPD-C-135 Good
121 3000 500 200 -0.01 Yes WAPD-C-135 Good
122 500 500 0.4 100 -0.04 34 WAPD-C.141 Brown
123 500 500 100 -0.06 3-4 WAPD-C-141 Brown
124 3600 500 200 0.01 30 0.01 Yes WAPD-LC-14) Good i
125 1500 500 50 0 30 0 Yes (1) 0 WAPD-L-141 Good ot
126 702 500 100 0 10 0 Yes 2-4 6-7 {3) 0 WAPD-C-137 Bright g
127 702 500 100 0.01 20 0.01 Yes 2-4 6-7 {2) 0.01 WAPD-C-137 Bright !
128 1000 500 1 0.03 30 0.03 WAPD-C-137 Good
129 1584 540 T=3 0.05 ANL-HE-1101 Good
F=6
130 | 1584 540 (b} 0.03 ANL-HE-1101 Control
131] 250|500 200 -0.18 30 | -0.18] Yes ANL-5011
132 250 00 200 -0.12 0.01] —0.12| Yes ANL-5011
133 250 500 200 =0.10 30 —0.10| Yes ANL-5011
134 250 500 200 -0.1 0.01y ~0.11 Yes ANL-5011
135|  250] 500 200 —0.11 30 | 01| Yes ANL-5011
GENERAL KEY SPECIAL CODES
Time — Length of submersion Add. — Additives Welded (Type) Surface Finish (Type) Treatment {Type) {a) HNO
Flow 1. NaOH 1. As welded 1. Vapor-blosted 1. Malcomized (b) Control
1. Avtoclave 2. LiOH 2, Quenched 1900° 2. Machined 2, Chrome-plated
Di. — Detonize ':: :aflsoieqmd Heot Treatment (Type) 3 (E;::i::POHShEd 3. Scottsonized
. 1. Annealed . Reference — Reference in bibliography
Resist. — Resistivity lrradioted 2. Hardened 5, Passivated

. Remarks — Color refers to oxide film
1. Distiiled woter F&T — Fost ond thermal neutrons




MATERIAL __410 5§
Corrosion Rates in mg/cm3-mo
Dissolved Gases leradiated
No. T(;:)' T(Z:)p ‘ Oxygen Hydrogen D’g:::“' (fps)FlOZorr Dei. (mf:;::_'m) Add. | pH T | we“’: H:m Tm'cmm S(:':is)‘ ?"'"e F:iSh T';"y':"' Reference Remarks
(ce/L) | Corr. | (cc/l)]| Cor. ’ (1077 avty ype | T ype orr ype | Lo

1 | 280 | s00 | 2300 | 2.00 a) ) ) 2.00 (3) | 2.00 ANL-4519

2 | 101 ] s00 | 1500 | 1.60 1) ) m | 10 ANL-4519

3| 353 500 | 30 -0.32 ) m (2) —0.32| ANL-4519

4| 35| s00 | 30 | 022 ) ) ) @ | 032 ANL-4519

s | 775 | s00 | 30 0.12 ) ) m @ | -2.20 ANL-4519

6 | 2| s00 | 30 | —o.03 a) M 0 @ | o2 ANL-4519

7 [ 1839 | s00 | 30 ~1.50 R} m m @ | -0.03 ANL-4519

8 | 2599 | 500 | 30 ~0.95 m M m @ | -1.50 ANL-4519

9 {3335 | 500 | 30 ~1.30 ) m m ) | —o9s ANL-4519

10 | 40on | s00 | 30 0.03 (1 m m @ | -130 ANL519

1 | 4781 | 500 | 30 —0.42 ) Y M @ | o003 ANL-4519

12 | sars | s00 | 30 | —2.60 a 1) 3 @ | —o.a2 ANL-4519

13| s00 s00 [ 1.7 | -0as 0 | 0.5 m m | 1 ANL-4519

14| s00| 500 | 1.7 | —0.01 0.01 | -o.01 m m | 10 ANL-4519

15 | s00 | so0 [ 20 | -0a7 0 | -0a7 1) 7 ANL 4519

16 | s00 | 500 | 2.1 | _0.02 0.00 | ~0.02 m 7 ANL-4519

17 | 50| s00 | 1.7 | -0.04 30 | —0.04 ) m | w0 ANL-4519

18| 850 s00 | 1.7 | _o.04 0.01 | —0.04 ) ®m | ANL-4519 '
19 | 850 | s00 | 21 | -0 30 | —0.00 m 7 ANL-4519 o
20 | ss0| s00 | 2. 0.01 0.01 | -0.01 ) 7 ANL-4519 s
21 | 1ase | s00 | 1.7 | -0.08 30 | -0.08 ) m | 1o ANL-4519
22 Jssof s00 | 1.7 | 0.3 0.01 | -0.03 ) m | w0 ANL-4519
23 | 13s0| s00 | 2. | —0.07 30 | -0.07 1) 7 ANL-4519
24 | 1350 | s00 | 2. 0 0.01 | o m 7 ANL4519
25 | 1000 | s00 | 4.5 200 | —0.08 @ | -o.08 WAPD-C-110 Faie

26 | 1500 | 500 200 | -0.08 30 | -0.08 @ | —o.08 WAPD-C-115

27 | 1900 | s00 200 | -0.05 30 | -0.05 @ | -o0.05 WAPD-C-122 Good
28 | 3000 | 500 200 | -0.08 30 | -o0.08 @ | -0.08 WAPD-C-135 Dovbtiul
29 | s00 | soo 100 | —0.39 10 | -0.39 3-4 M | —oa9 WAPD-C-141 Puple
30 | s00| soo 10 | —o0.07 @ | 105 @ | -o0.07 WAPD-C-141 Puple
31 | se0| soo 20 | -o.08 @ | 105 @ | -o.08 WAPD-C-141 Purple
32 | 3600 | s00 200 | _0.06 0 | -0.06 | Yes WAPD-C-14) Doubtful
33 | 250| s00 200 | —2a2 30 | -212 @ | -212 ANL-5011

34 | 250 s0o 200 | —0.84 0.01 | -0.84 @ | -0.84 ANL-5011

35 | 30| so0 16 | —o.68 7 ANL~4641

Time — Length of submersion

Flow

1. Avutoclave

Dei. — Deionize

Resist. — Resistivity

1. Distitled water

- ———

Add. — Additives

1. NaOH
LiOH

2,
3. Hy BO3
4.

Passivated

Irradiated

F&T — Fost and thermal neutrons

GENERAL KEY

Welded (Type)

. As welded
2. Quenched 1900°

Heat Treatment (Type)

.« Annealed
2. Hardened

Surface Finish (Type)
1. Vapor-blasted

. Machined

Electropolished

. Ground

Passivated

v A WwN

Treatment (Type)

1. Molcomized

2, Chrome-plated

3. Scottsonized

Reference — Reference in bibliography

Remarks — Color refers to axide film




1, Distiiled water

lrradiated

F&T —~ Fast ond thermal neutrons

2, Hardened

Remarks ~ Colar refers to oxide film

MATERIAL __ 410 SS (continued)
Corrosion Rates in mg/cmz-mo
Dissolved Goses leradiated
Time | Temp. Degassed Flow Resist. Welded Heat Treatment | St Surfoce Finish | T
Nol iy | oFy Oxygen Hydrogen S e o Dei. (me‘;:‘:m oy | Add | oM FaT | o T c - - (:i’)s e Reference Remarks
. ps orr. - 19 . . . T Corr. ype
(ce/ly| Corr. [tce) | Core. (1077 nvp) ype | Lerr ype er ype | e
36 290 | 500 1300 | -0.84 @) 7 ANL-4641
37 | 620 s00 1-3 0.07 3.1 213}y 9 ANL-5059
38 | 1000 | 482 1300 1.00 [v3) 1.00 ORNL-1605
39 | 1000 | 482 1200 1.40 2) 1.40 ORNL-1605
GENERAL KEY
Time — Length of submersion Add. - Additives Welded (Type) Surface Finish (Type) Treatment (Type)
Flow 1. NoOH 1. As welded 1. Vapor-blasted 1. Malcomized
2. LiOH 2, OQuenched 1900° 2, Machined 2. Chrome-ploted

1. Autoclave . ]
o Doion 3. H,B0, Heat Treatment (Type) 3. Electropolished 3. Scottsonized

e — eignize .

° 4. Passivated 1. Annealed 4. Ground Reference — Reference in bibliography
Resist. — Resistivity 5. Passivated

=Z91-




» . . . . L
MATERIAL 440C 35
Corrosion Rates in mg/cmZmo
Dissolved Gases Irradiated
. Time T:mp. Orygen Hydrogen Degassed Flow Dei Resist. Add. oH . Welded Heat Treatment 5"9.“ Surface Finish | Trgatment Reforance Romeka
the) | (°F) Corr, (tps) | Corr. (megohm-cm) 01% oy Corr. | Type | Corr. Type | Corr. (psi) Type | Corr. Type
(cc/L)| Corr. |(ce/L)| Corr.

1 664 500 0.10 (1) ANL-4424

2 187 500 25 0.25 {m ANL 4424

3 170 | 500 30 1,42 [)] ANL-4424
4 664 | 500 0.10 (1) [4]] (2 0.10 (4) 0.10 ANL 4519
5 341 | s00 0.19 ) 4} (2) 0.19 (4) 0.19 ANL 4519
6 | 5496 | 500 30 -0.18 (N [} (2) ~—0.18 ANL-4519

7 4710 500 30 0.23 [4))] (4)} (2) 0.23 ANL-4519

8 187 | 500 30 0.14 [} (1) (2) 0.14 (4) 0.14 ANL-4519
9 335 | 500 3.00 (1) ) (c) 12 (2) 3.00 (4) 3.00 ANLA4519
10 335 | 500 0.55 (n ) {a) 10 (2) 0.55 (4) 0.55 ANL 4519
n 335 | 500 1.50 [§]] m (b) n (2) 1.50 (4) 1.50 ANL 4519
12 280 500 3000 0.03 [¢)] 1) (2) 0.03 (4) 0.27 ANL 4519
13 | 3149 | 600 3.5 0,14 ~0.14 4] (2) ~0.14 (4) 0.14 ANL.4519
14 260 | 500 2-3 0.19 30 0.19 | Yes 0.25-0.10 7-8.8 (d) ANL-4641
15 310 | 500 16 ~0.62 Yeos 7 ANL4641
16 290 | 500 1300 0.84 Yes 7 ANL 4641
17 | 1000 | 482 1300 0.80 30 0.19 2) 0,80 ORNL-1605
18 | 1000 | 482 1300 0.30 30 0.30 ORNL-1605
19 | 1000 | 482 1200 1.60 30 1.20 (2) 1.60 ORNL-1605
20 | 1350 [ 500 1.7 0,17 30 ~0,17 1)) 10 ANL-4519
21 | 1350 | Sso0 2.1 —0.09 30 -0.09 7 ANL-4519
22 850 500 1.7 -0.14 30 -0.14 (1) 10 ANL-4519
23 850 | 500 24 -0.02 30 -0,02 9 ANL 4519 Poison loop
24 620 | 500 1-3 0 3.1 0 23)1 9 ANL-5059
25 401 | 600 -0.57 (2) ~0.57 4) —0.57 ANL-4519
26 363 600 0.28 {a) 10 (2) 0.28 {4) 0.28 ANL 4519
27 363 | 600 0.22 10 (2) 0.22 (4) 0.22 ANL 4519
28 375 500 30 -3.00 (1) (5} 3.00 ANL-4519
29 775 | 500 30 ~0,09 )] ANL 4519
30 | 1126 | 500 30 0.17 [§)] ANL-4519
31 | 1863 | 500 30 ~0.01 (1) ANL 4519
32 | 2623 | 500 30 0.04 ) ANL 4519
33 | 3359 | 500 30 —0.21 ) ANL4519
34 | 4095 | 500 30 ~0.21 [4)] ANL-4519
35 4805 500 30 -0.12 ANL 4519

e ——

Time — Length of submersion

Flow

1.

Autoclave

Oei. - Deionize

Resist. — Resistivity

1.

Distiiled woter

Add. — Additives
1. NaOH
2. LiOH
3. H:’BO3
4. Passivoted

lrrodiated

F&T — Fast ond thermal neutrons

GENERAL KEY

Welded {Type)
As welded

2. Quenched 1900°

Heat Treatment (Type)

. Annealed
2. Hardened

Surface Finish (Type)

1. Vapor-blasted
2, Machined
Electropolished
. Ground

Passivated

oo

Treatment (Type)
1. Malcomized
2. Chrome-ploted
3. Scottsonized

Reference — Reference in bibliography

Remarks ~ Color refers to oxide film

SPECIAL CODES

{a) Buffer
(b) KOH

{c}) Phosphorus

{d} 10,000

-€91-




MATERIAL 440C S (continued)
2

—w l-

Corrosion Rates in mg/ecm*-mo
Dissolved Gases e lrradiated
Ti . D d low Resist. Welded Heat Treatment S Surfoce Finish | T,
N, | Time | Tem Orrgen Hydrogen egasse Dei. | o2 | Add. | pH FaT - tro=s momentl Reference Remarks
(hr) | (°F) Corr. (§ps) | Corr. {megohm-cm) (1019 vt Cort. | Type | Corr. | Type | Corr. | (Psi) | Type | Corr. Type
(ce/L)| Corr. | (ec/L)| Corr. nvt)
36 | 328 | 500 | 30 —2.80 ) m (3)4) | —2.80 ANL-4519
37 | 1045 | 500 | 30 —0.37 () M (3)(4) | -0.37 ANL 4519
as | 1763 | 500 | 30 —0.84 (1) m (3)4) | —0.84 ANL-4519
39 | 2547 | 500 | 30 0,43 (m ) (314) | 0.43 ANL 4519
40 | 3257 | s00 | 30 0 1) m (314 | 0 ANL-4519
41 | 3969 | 500 | 30 0.09 4 (1) (3x4) | 0.09 ANL 4519
42 | 1000 | 482 1200 | 1.00 ORNL-1605
43 | 2160 | 500 | 30 —0.11 10 | . 14.3 6.15 (2 0.1 See Ref 52
44 | 1440 | 500 | 30 —0.09 0.01 | —0.09 14,3 6,15 (2 | —0.09 See Ref 52
GENERAL KEY
Time ~ Length of submersion Add. — Additives Welded (Type) Surface Finish (Type) Treatment (Type)
. 1. NaOH 1. As welded 1. Vapor-blasted 1. Molcomized
w
° 2. LiOH 2. Quenched 1900° 2. Machined 2. Chrome-plated
1. Avutoclave
o buions 3. H3 303 Heat Treotment (Type) 3. Electropolished 3. Scottsonized
.- mioniz n
ei. = Delonize 4. Passivoted 1. Annealed 4. Ground Reference — Reference in bibliography
Resist — e . 5. Passivated
exist: — Resistivily trradiated 2. Hordened ! Remarks = Color refers to oxide film
1. Distiiled water F&T — Fost and thermal neutrons
. v ’ . 3 s




MATERIAL

STELLITE-3

Corrosion Rates in mg/cmz-mo

Dissolved Gases Yrradiated
Mo | e | Tom [ 0xyoen Hydrogen | T f g, | Rerine g | DT e o el e B P T e Remerks
(ce/L)| Cor. | ey | Corr ) (1077 avr) yPe | S vpe o e er

1| 6942 | 500 30 0 m m (4) 0 ANL-4519 Good

2 | 353 | 500 |~1800 | 0.06 (n (H ( 9 ANL-4519 Good

3 | 353|500 |~1800 |-0.55 (n &) 11 ANL-4519 Good

4 [ 3149 | 500 35 |-0.21 30 | -0.2 M (b) ANL-4519

s | 2000 | s40 T=3 0.01 ANL-4795

6 620 | 500 1-3 3.50 {2)(3) 9 ANL-5059

7_| 1655 | 540 T=333]0 ANL-HE-1101

8 | 1000 | 482 1300 | 158 30 158 ORNL-1605

9 1000 | 500 2 -2.70 30 —-2.70 | Yes (1 -2.70 ANL-5011

10 | 1000 | so0 2 ~0.52 0.01 | -0.52 |Yes m | -o.52 ANL-5011

11| 1000 | so0 500 |-0.03 30 | -0.03 |Yes (1 | -0.03 ANL-5011

12| 1000 | s00 500 |-0.02 0.01 | -0.02 {Yes (M | -0.02 ANL-5011

13| 1500 | 500 -0.03 |30 | -0.03 |Yes (1 | -0.03 ANIL-5011

14_| 1500 | 500 -0.04 | 0.01 | -0.04 |Ves (| -0.04 ANL-5011

15

16 =4 0.04 As cost

17 T=8 0.01 As cast

18 T=9 -0.14 As cast

19 | 1655 | 540 =33 | 0.01 ANL-HE-1101
20 | 1500 | s00 500 |-0.02 Yes ANL-5011
21 | 1500 | 500 500 |-0.02 Yes ANL-5011
22 | 2000 | s40 T=3 0.01 ANL.4795
23 | 2000 | s40 =3 0.01 ANL-4795
24 | 4380 | 540 F=1 [-0.13 ANL-5059 Cpld. 10 17-4

T=10
25 | 4380 | 540 (a) 0.14 ANL-5059 Cpld. to 17-4
26 | 4380 | 540 F=1 [-0.35 ANL-5059 Cpld. to Haynes 25
T=10

27 | 4380 | 540 (a) 0.28 ANL -5059
28 1000 | 482 1200 0.11 30 0.1 ORNL-1605

Time ~ Length of submersion

Flow

. Autoclave

Dei. — Deionize

Resist. — Resistivity

- S —

. Distiiled water

Add. — Additives
1. NaOH

2. LiOH

3. H:‘BO3

4. Passivated

lrrodiated

F&T - Fast and thermal neutrons

GENERAL KEY
Welded (Type)

1. As welded
2. Quenched 1900°

Heat Treatment (Type)

1. Aanealed
2. Hordened

Surfoce Finish (Type)

1.
. Machined

LA w N

Yapor-blasted

Electropolished

+ Ground

. Passivated

SPECIAL CODES
Treatment (Type) {a} Control

(5) 10,000

1. Malcomized
2. Chrome-plated

3. Scottsonized
Reference — Reference in bibliography

Remarks — Color refers to oxide film

-G91-




MATERIAL STELLITE-8
Corrosion Rates in mg/em?-mo
Dissolved Gases Irrodiated
No. T(::; T(f,';;’ Oxygen Hydrogen D"é:’.’d (‘PS)FI"‘;W Dei (m::;'_'cm) Add. | eH FAT | o [T we'decd HT“' T'"':'"' 5(';;’ :"‘uce Fcimh T"’T";::"' Reference Remark s
(ce/L) | Corr. |(ee/L) | Corr ’ (1077 nv) ype p o ee ere: ype | Teorr
1] 339 s00 | 30 0.05 m 0.05 ANL-4519 As cost
2 | nes | so0 | 30 0.02 m 0.02 ANL-4519 As cast
3| 1925 | 500 | 30 —0.14 M | 014 ANL-4519 As cast
4 | 2657 | 500 | 30 0 m 0 ANL-4519 As cast
s | 3374 { s00 | 30 1.40 m 1.40 ANL-4519 As cast
6 | 3130 | 500 | 30 —0.05 M | -0.05 ANL-4519 As cast
7 | 3845 { 500 | 30 0.08 M 0.08 ANL-4519 As cast
8 | 4559 | 500 | 30 0.03 m 0.03 ANL-4519 As cast
9 | s264 | 500 | 30 —0.10 m | -010 ANL-4519 As cast
10 | 6003 | 500 | 30 ~0.32 M | -0.32 ANL-4519 As cast
1 | 6760 | s00 | 30 0.17 m 0.17 ANL-4519 As cast
12| 328 500 0.18 0.8 ANL-4519 347 Faced
13| 330 | so0 | 30 0.08 m 0.08 (@) (1)d) | -0.08 ANL-4519 347 Faced
_0.08
14 | 664 | 500 | 30 —~0.04 M | -0.04 (o) ()d) | -0.04 ANL-4519 347 Faced
~0.04
15 | 1448 | 500 | 30 0 m 0 (a) dy | o ANL-4519 347 Faced
0
6 | 330 | s00 | 30 ~0.07 ~0.07 (b) (d) | -0.07 ANL-4519 347 Faced
_0.07
17 | 664 | 500 | 30 ~0.54 ~0.54 (b (d) | —0.54 ANL-4519 347 Faced
~0.54
18 | 1448 | 500 | 30 _0.63 ~0.03 (b) (d) | -0.0 ANL-4519 347 Foced
Z0.03
19| 330 s00 | 30 ~0.07 ~0.07 () (d) | -0.07 ANL-4519 347 Faced
—0.07
20 | 664 | 500 | 30 _0.14 —0.14 () d) | -04 ANL-4519 347 Faced
—0.14
21 | 1448 | 500 | 30 ~0.08 _0.08 (e) ()d) | —o0.08 ANL-4519 347 Faced
~0.08
2 T=9 |-020 RH-3
23 | 1000 | 500 | 4.5 200 | 0.06 Yes WAPD-C-110
24 | 1500 | 500 200 | —0.05 30 | -0.05 | Yes WAPD-C-115
25 | 500 | 500 | 0.08 | 0.01 2 | 0.0 20 0.01 | Yes 10 WAPD-C-122
26 | 1900 | 500 200 | o 30 0 Yes WAPD-C-122 Good

Time — Length of submersion

Flow

1. Autoclave
Dei. — Deionize

Resist. — Resistivity

1, Distiiled water

(T8

Add. — Additives
1. NaOH

2. LiOH

3. H:’BOEl

4. Passivated

lerodioted

F&T ~ Fost and thermal neutrons

GENERAL KEY

Welded (Type)
1. As welded
2. Quenched 1900°

Heot Treotment (Type)
1. Annealed
2. Hardened

Surface Finish (Type)

1.

2.
3.
4,
5.

Yapor-blosted
Machined
Electropolished
Ground

Passivated

Treatment (Type)
1. Malcomized
2. Chrome-plated

3. Scottsonized

Reference — Reference in bibliography

Remarks — Color refers to axide film

SPECIAL CODE
(a) AC Heliarc
(b) DC Heliarc

{c) Oxyocetylene
(d) Polished

—99[-
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MATERIAL STELLITE-6 (continued)
Corrosion Rates in mg/cml-mo
Dissolved Gases Irradiated
No. 1(-::)’ T(Zr;;’ ) Oxygen Hydrogen D’é:::"d (‘ps)m;o" Dei. (mf:;i:_‘cm) Add. | pH FaT | o 1 w,w.::d H:“' TM';"'"' s(';:i‘)’ hi""u“————ﬁ"is,‘ T"’T"":e"' Reference Remarks
(ec/L) | Corm. | (ee/L) | Cor. T (1077 nvy) vPe | Sore ype | e yee | Corr. v
27 836 | 500 0.1 —0.07 2 | -0.07 10 ~0.07 10.5 WAPD-C-125 Blue
28 836 | 500 0.1 —0.06 2| -0.07 10 -0.07 10.5 WAPD-C-125 8lue
29 | 3000 | 500 200 0.01 30 0.01 WAPD-C-135 Good
30 | 3600 | s00 200 | —0.02 30 —-0.02 |Yes WAPD-C-141 Good
31 250 | 500 200 | —0.87 30 -0.87 ANL-5011
32 250 | 500 200 | -0.04 0.01 | —0.04 ANL-5011
33 260 | 500 2-3 No 7-8 ANL-4641
34 310 | 500 16 | —0.28 Yes 7 ANL-4641
35 290 | 500 1300 0.02 Yes 7 ANL-4641
36 | 4380 | s40 F=1 0.01 ANL-5059 Cpld. to USS/W
T=10
37 | 4380 | s40 (a) 0.16 ANL-5059 Cpld. to USS/W
38 | 1000 | 482 1300 255 30 255 ORNL-1605
39 | 1000 | 482 1200 0.20 E ORNL-1605
40 168 | 600 0.06 See Ref. 122
41 168 | 600 0.21 See Ref. 122
GENERAL KEY SPECIAL CODE -
Time — Length of submersion Add. — Additives Welded (Type) Surface Finish (Type) Treatment (Type) (o) Control.
F low 1. NoOH 1. As welded 1. Vapor-blasted 1. Malcomized
1. Avroclave 2. LiOH 2. Quenched 1900° 2. Machined 2. Chrome-plated
Dei. ~ Deionize Z' ;'fggmd Heot Treatment (Type) i Erl::‘:]r:polished 3. Scottsonized
. 1. Annealed . Reference — Reference in bibliography
Resist. — Resistivity Irradiated 2. Hardened 5. Passivated

1. Distiiled water

- -

F&T ~ Fast ond thermal neuvtrons

Remarks — Color refers to oxide film

=91~
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MATERIAL STELLITE-12
Corrosion Rates in mg/cm?-mo
Dissolved Goses lrradioted
Ti Temp. D d Flow Resist. Welded Heat Treatment | § Surface Finish | T
No. e :mp Oxygen Hydrogen '(9:"5’9 Dei. es}:S Add. pH FaT © tress e o reatment Reference Remarks
ey | (°F) orr. (fps) | Corr. (megohm-cm) (1019 vty Cort. | Type | Corr. | Type | Com.| (S} | Type | Corr. Type
{cc/L)| Corr. (cc/L) | Corr. i nv
1 305 | 600 ~0.18 m L (0} | 0.8 ANL-4519 Good
2 339 | 600 30 | -0.17 m (@) | -0a7 ANL-4519
3 339 | 500 30 | -0.17 ) (a) ANL-4519
4 | nes| soo 30 0.85 m () ANL-4519
5 | 1965 | 500 30 0.08 m (a) ANL-4519
6 | 2697 | so00 30 0,03 M (a) ANL-4519
7 | 3438 | 500 30 0.05 m (a) ANL-4519
8 | 4156 | 500 30 | -0.16 i} (a) ANL-4519
9 | 4940 | 500 30 0.20 m (a) ANL-4519
10 | 5650 | 500 30 | -0a3 m (a) ANL-4519
11 | 6341 | 500 30 | -0.14 m (a) ANL-4519
12 | 7150 | soo 30 0.14 m (o) ANL-4519
13 | 7863 | 500 30 0.14 m (a) ANL-4519
GENERAL KEY SPECIAL CODE
Time ~ Length of submersion Add. - Additives Welded (Type) Surface Finish (Type) Treatment (Type) (a) Cast
F 1. NaOH 1. As welded 1. Vapor-blasted 1. Malcomized
ow
2. LiOH 2. Quenched 1900° 2. Machined 2, Chrome-plated
1. Autoclove
b Dei 3. HaBOJ Heat Treatment (Type) 3. Electropolished 3. Scottsonized
. - Deionize )
ol = Fe 4. Passivoted 1. Annealed 4. Ground Reference — Refarence in bibliography
Resist. — Resistivit ) 5. Passivated
esist. — Resiztivity Irradioted 2. Hardened ' Remarks — Color refers to oxide film
1. Distiiled woter F&T ~ Fast ond thermal neutrons
- - N » ]




MATERIAL _ YASCOLOY-RAMET 166

Carrosion Rates in mg/emZ-mo

Dissolved Gases Irradiated
Ne. Time T:mp. Onygen Hydrogan Degassed Flow Dei. Resist, Add, oH FaT Welded Heat Treatment 5,,9.,5 Surfoce Finish | Treatment Referance Remarka
(the) | (°F) Corr. (fps) | Corr. {megohm-cm) (1019 vy Corr. | Type | Corr. Type | Corr. (psi) Type | Corr. Type
dec/L) | Corr. | (ce/L)| Corr.
1 424 | 500 30 0.37 m 0.37 ) ANL-4519
2 424 | 500 30 0.23 m 0,23 1) ANL-4519
3 | 1165 | s00 30 | -0.88 1) | -0.88 m ANL-4519
4 | 1883 | s00 30 | -2.60 (1) | -2.60 (i} ANL-4519
5 | 2667 | s00 30 | —0.24 (1) | -0.24 M ANL-4519
6 | 3367 | 500 30 | -1.80 (1) | -1.80 m ANL-4519
7 | 4071 | so00 30 | -1.20 m | -t20 1) ANL-4519
8 | 4380 | 540 F=1 0.12 ANL-5059
=10
9 | 4380 | s40 F=1 0.10 ANL-5059 Control
T=10

Time —~ Length of submersion

Flow

1. Autoclave
Dei. — Deionize

Resist. — Resistivity

1. Distilled water

S ——

Add. - Additives
1. NoOH
2. LiOH
3. Hg BO3
4

Passivated

Irradiated
F&T — Fast and thermal neutrons

GENERAL KEY

Welded (Type)
1. As welded
2. Quenched 1900°

Heat Treatment (Type)
1. Annecled
2. Hordened

Surface Finish (Type)

Yapor-blasted
Machined
Electropolished
Ground

Passivated

Treatment (Type)
1. Malcomized
2. Chrome-plated
3. Scottsonized

Reference — Reference in bibliography

Remarks — Color refers to oxide film

=691-
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