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IN-PILE RADIATION CORROSION EXPERIMENTS WITH ZIRCONIUM, TITANIUM,
AND STEEL ALLOYS IN 0.17 mU02S04 SOLUTIONS AT 280°C

G. H. Jenks J. E. Baker

ABSTRACT

In-pile loop experiments L-2-15 and L-4-16 were two of a series designed to test the radiation

corrosion of Zircaloy-2 and other possible reactor construction materials in UO-,S04 solutions under
various conditions of radiation intensities, temperatures, solution compositions, and velocity of

flow past specimens. The solutions employed were 0.17 m UO^SO,, 0.015 m CuSO,, and 0.03 m

H2S04 in H20 for experiment L-2-15, and 0.17 mU02S04, 0.015 mCuS04, and 0.025 mH2S04 in
H-,0 for experiment L-4-16. The mainstream temperature in the experiments ranged from 278 to 280 C.
The experiments were exposed in the LITR beam holes HB-2 and HB-4 respectively. Construction

material for the loops was type 347 stainless steel. Specimens of types 347 and 309SCb stainless

steels, titanium-55A and -110AT, platinum, Zircaloy-2, crystal-bar zirconium, and a variety of other

zirconium alloys were tested. The power density at core specimens ranged from 19.8 to 4.6 w/ml in
L-2-15 and from 5.7 to 1.3 w/ml in L-4-16. For loop L-2-15, the total time of high-temperature oper

ation with U02SO, was 792 hr, during in-pile exposure, and the reactor energy was 1632 Mwhr; for
loop L-4-16, 1032 hr and 2325 Mwhr. During both experiments most of the reactor energy was accu

mulated at the 3-Mw power level.

In general, stainless steel corrosion results from these experiments were comparable to those

observed in other in-pile loop experiments. Corrosion was confined primarily to the core areas and

was power-density dependent. Some variations in attack, both positive and negative, with velocity

of solution flow past specimens have been observed in other experiments, but there was no apparent

effect of varying velocities in the range 10 to 40 fps on either the core-channel or in-line channel

specimens in the present experiments. The core-annulus steel specimens in L-2-15 corroded at

rates very much greater than those in the channel. This difference may have resulted, in part, from

the differences in velocities; however, it may have also been a result of galvanic action between

the steel annulus specimens and adjacent platinum specimens. In previous 250 C experiments the

occurrence of a change in the stainless steel corrosion rate was correlated with a decrease in

acidity and/or increase in the nickel concentration. The results for the oxygen consumption rates

on steel during radiation exposure in the present experiments varied with radiation time in a manner

qualitatively similar to that observed at the lower temperature. However, the concentration of ex

cess acid in the present experiments probably remained fairly constant throughout the radiation ex

posures, and correlations similar to those obtained at the lower temperature could not be estab
lished. The acid concentration in the 280 C experiments was greater than the concentrations

prevailing when corrosion rate changes occurred in the 250 C experiments. The difference in acid

tolerance is probably a result of the increased temperature, since a similar beneficial effect of

temperature occurs out-of-pile. No overall correlation has been established for the various factors
found to have influenced steel corrosion in previous experiments. Results of the present experi

ments provide additional evidence in support of previous findings but do not further their interpreta

tion.

Zircaloy-2 corrosion results from both loops have been discussed and correlated elsewhere in

terms of the 280°C relationship between the corrosion rate R (mils per year, mpy), power density P
(w/ml), and uranium sorption factor CL; 1/R = 2.23/PCL + 1/40. The data from these experiments
obey this relationship. The values of CL for core-annulus specimens exposed to velocities of about

0.8 fps in both experiments were 3.3 for L-2-15 and about 2.6 for L-4-16. For the exposed surfaces
in the channel specimens from L-2-15 and for those channel specimens located in the convergent

section of the channel in L-4-16, CL is estimated at about 1. Specimens located in the divergent

section of the channel in L-4-16 exhibited higher CL values.



Core-annulus coupons of zirconium alloyed with niobium, palladium, or platinum from experi
ment L-4-16 exhibited corrosion rates varying from 40 to 90% of the rates observed for core-annulus
coupons of Zircaloy-2 at similar power densities when the specimen materials were heat-treated at

900 C for 3 hr and then water-quenched. Other specimens of the same alloys subjected to the same
heat treatment and to additional treatment at 600°C for 48 hr and then air-cooled exhibited rates
varying from 80 to 230% of those observed for the Zircaloy-2 core-annulus coupons. Two core-
annulus impact specimens of Zr—15% Nb subjected to these heat treatments and a third impact
specimen of Zircaloy-2 heat-treated at 650°C for 30 min exhibited rates from 130 to 140% of those
observed for the Zircaloy-2 core-annulus coupons.

Two Zircaloy-2 coupons clad with nickel and then platinum and exposed in the core annulus of
experiment L-2-15 and two similar coupons from the line-annulus position exhibited very high
weight losses as a result of the loss of nickel layer. Platinum specimens from L-2-15 exhibited
negligible corrosion rates.

Results for Ti-55A specimens indicate that in-pile titanium corrosion was affected to a greater
extent by some uniform change in the solution under radiation than by fission recoil irradiation of
specimen surfaces or by the fissioning which takes place in the solution immediately adjacent to
specimens. The average corrosion rate (based on radiation time and total area) for the core-channel

coupons from experiment L-4-16 was 0.22 mpy, and 0.20 mpy for the in-line channel coupons. The
average rate for the core-channel coupons in experiment L-2-15 was 1.2 mpy. In-line channel cou
pons from this experiment exhibited an average weight increase of 1.1 mg/cm . However, at the
generally low rates prevailing for titanium, it is likely that the in-line results were affected appreci
ably by retained scale. Impact, tensile, and stress specimens of Ti-llOAT in the core-annulus
regions of both experiments exhibited higher rates than core-annulus coupons of Ti-55A.

Analyses of bulk scale from various parts of loop L-4-16 show wide variations in composition
and are considered only qualitative. The results indicate that nearly all the zirconium that was
oxidized in the core was transported to portions of the loop outside the core and deposited in the
scale. The analyses also indicate that appreciable amounts of nickel are incorporated in the loop
scales. Also, in these and other experiments, the difference between amounts of steel corrosion

indicated by oxygen and dissolved-nickel data reveals that nickel is retained in the scales and,
consequently, that the amount of dissolved nickel cannot be used as an accurate measure of steel
corrosion in these systems.

There was no evidence of solution instability in these experiments. Some fluctuations in
analytical results were ascribed to sampling and analytical errors.

1. INTRODUCTION

Solutions of uranyl sulfate at temperatures in the neighborhood of 250 to 300°C and contained by or in
contact with various structural materials such as zirconium, titanium, and stainless steel alloys have been
of interest as possible fuel systems for aqueous homogeneous reactors. Aseries of 18 in-pile loop experi
ments has been carried out with the primary objective of testing the effects of reactor radiations on cor

rosion in these systems. Also investigated in some of the experiments were the effects of the in-pile ex
posure on impact and tensile properties of various structural materials, solution stability under irradiation,
rate constants for recombination of radiolytic gas by copper sulfate in solution, and the general reliability
of equipment operating under the test conditions.



The methods, equipment, and procedures employed in these experiments have been described in detail

elsewhere.1 Each experiment has also been reported or summarized in quarterly progress reports of the

Homogeneous Reactor Project. Results and conclusions were included; however, detailed reports of each

experiment are planned, and some have been prepared and issued for several experiments. ~ The present

paper describes two of these experiments (L-2-15 and L-4-16) which employed exposure temperatures of 280

and 295 to 298°C in the mainstream and pressurizer, respectively, 0.17 m U02S04 solutions, and were ex

posed to reactor radiations in the LITR. Experiments L-2-15 and L-4-16 were exposed in beam holes HB-2

and HB-4, respectively, in order to obtain data over a wide range of thermal-neutron fluxes and to provide a

basis for direct comparison between experiments in the two holes. (The unperturbed thermal-neutron flux in

HB-2 is about 3 to 4 times greater than that in HB-4.) In addition, operation of these experiments at 280°C

provided a comparison of stainless steel and of zirconium and titanium alloy corrosion data with data ob

tained in previous 250°C experiments that employed comparable solutions. Some general information on the

composition of the solutions employed and the operating-time data are given in Table 1.

2. METHODS AND PROCEDURES

An overall experiment included: (1) preparing the loop for operation and proving its satisfactory per

formance in out-of-pile operation, (2) exposing and operating the loop in the LITR, and (3) dismantling the

loop and examining corrosion specimens and other portions of the loop for evidence of corrosive attack.

A brief listing of the different types of examinations, operations, and measurements for the results

included in this report is given below. In the interest of brevity, only purposes are indicated; the general

objectives of these measurements are discussed in ref 2. Reports on the in-pile operation of these experi

ments have been published. •
1. Sampling and chemical analyses of loop solutions during out-of-pile preparatory operations. Also,

measurements of oxygen consumption during high-temperature operations with some of the solutions.
Materials and equipment checkout.

1H. C. Savage and W. D. Reel, In-Pile Corrosion Test Loops for Aqueous Homogeneous Reactor Solutions, ORNL-
2977 (Nov. 10, I960).

2G. H. Jenks and J. E. Baker, In-Pile Loop Corrosion Experiments with Uranyl Sulfate Solutions at 235 and 250 C,
ORNL-3131 (in press).

3J. E. Baker and G. H. Jenks, HRP Radiation Corrosion Studies: In-Pile L-4-8, ORNL-2042 (Aug. 8, 1956).

4J. R. McWherter and J. E. Baker, HRP Radiation Corrosion Studies: In-Pile Loop L-4-11, ORNL-2152 (June 11,
1958).

5,

Ma

G. H. Jenks and J. E. Baker, Determination of the Effect of High Sulfuric Acid Concentration on the Radiation
Corrosion of Zircaloy-2 and Titanium in 0,17 m UOySO,, ORNL-2943 (in press).

7F. J. Walter, HRP In-Pile Corrosion Test Loops, Operation of In-Pile Loop L-2-15, ORNL CF-57-8-42 (Aug. 27,
1957).

8F. J. vValter, HRP In-Pile Corrosion Test Loops, Operation of In-Pile Loop L-4-16, ORNL CF-57-8-11 (Aug. 26,
1957).

G. H. Jenks and J. E. Baker, In-Pile Loop Investigation of Corrosion of Zircaloy-2 and Other Possible Reactor
Materials in 0.04 mUO£04 at 280°C, ORNL-2962 (in press).



Table 1. Test-Solution Compositions and Operating-Time Dota for Loop Experiments L-2-15 and L-4-16

. Initial and Final Solution Compositions Makeup Solution Composition
Experiment Date Exposed , pTT" ^ for In-Pile Corrosion (M at STP) (A) at STP)

r r In-Pile Exposure (°C) ^ Z7~ZZ 171 Z H pH pH
Number in Reactor

L-2-15 298

UO SO.
Mainstream Pressurizer

0.168

CuSO. Ni Cr

0.0143 0 <0.0005In 11-2-56

Out 11-23-56 0.178b 0.01496 0.0032*' 0.0025

L-4-16

In 11-25-56

Out 12-8-56

In 12-28-56

Out 2-11-57

280 295

0.168

0.1886

0.170

0.1816

Uncorrected for dilution of samples from loop scream.
Average of two final samples.

0.0143

0.0 152*

0.0141

0 <0.0005

0.00336 0.00226

0 Negative

0.01446 0.0018fc 0.0017fc

Excess

0.0 30

0.030

0.0 30

0.023

0.027

1.51

1.80

1.51

1.60

1.50

1.80

CuSO, Excess Cr as

CrO,

0.166 0.0137 0.070 <0.0005 1.50

0.164 0.0131 0.021 0.0030 1.51

0.0138 0.060 0.0033 1.15

Time at Temperature
withU02SO Radiation Exposure
Solutions (hr) Time (3-Mwhr LITR

Energy)
Preparatory Enriched

124 450 258

306 248

167 961 708



2. Sampling of loop solution at regular intervals during in-pile operation, and analyses for various con
stituents including U, S04, Cu, Ni, Cr, Fe, Zr, Mn, and Cs137. Lithium sulfate tracer was used to
measure dilution during sampling. The LITR operation and sampling schedule is shown in Fig. 1.
Solution composition and generalized corrosion.

3. Determinations of pressures of excess oxygen and of radiolytic gases in the pressurizer. Generalized
corrosion and recombination.

4. Sampling of solution in weigh tank (solution dump tank). Solute inventory.

5. Qualitative inspection of loop and specimens after radiation exposure.

6. Determination of specimen weight losses resulting from corrosion.

7. Determination of thermal-neutron fluxes adjacent to core specimens from measurements of induced
activities of samples.

ACCUMULATED LITR ENERGY (Mwhr

806 948 1389 1632

236 334 460 665 719 775 I836 I 1082 1277 I 1519 I

~c\j ro <J m to, co d^

mm in in m io!2m mm
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11 III 1 1 |I|i HI llllllillll II in Illl
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3IMENT

II III! Ill
Ijljljijljl::!!:

0- •'• •: ::•:•
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0 0 32 176 310 374

"i r

ACCUMULATED LITR ENERGY! Mwhr |

790 999 1231 1438 1673
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-j -J -i

300 400 500 600 700 800

CIRCULATION TIME WITH ENRICHED SOLUTIONS (hr)

Fig. 1. LITR Operation and Loop Sampling Schedule.



8. Metallographic examination of specimens and portions of loops.

9. Analyses of bulk scales scraped from L-4-16 surfaces after irradiation. Determination of the distribu
tion of corrosion products in the loop.

10. Testing of mechanical property specimens. These tests were carried out by the Metallurgy Group of
the HRP, and the results are reported elsewhere.9,10

3. EQUIPMENT AND MATERIALS

3.1 Loop Specifications

Specifications for each loop, including volumes and materials of construction of pump and specimen

holders, are listed in Table 2.

G. M. Adamson et al., HRP Quart. Progr. Rept. Oct. 31, 1957, ORNL-2432, p 134.

10G. M. Adamson et al., HRP Quart. Progr. Rept. Apr. 30 and July 31. 1958, ORNL-2561, p 250.

Table 2. Loop Construction Data

Loop L-2-15 Loop L-4-16

Loop volume (including pressurizer), ml 1518 1566

Pressurizer volume, ml 561 570

Volume of solution in pressurizer, ml 407 431

Empty-cote volume, ml 372 372

Loaded-core volume, ml 308 311

Flow rates

Pressurizer, ml/sec 7.5 7.5
Core, gpm 5.3 5.4

Pump design ORNL outboard bearing ORNL outboard bearing

Pump bearing material Al-O, A170,

Pump journal material ALO, ALO,

Loop construction material 347 stainless steel 347 stainless steel

Cote and in-line channel coupon holders Z-2 S-1

Core-annulus coupon holders T-l S-l

In-line annulus coupon holders0 T-l S-l

Core impact specimen holders0 S-l S-l

In-line impact specimen holders0 S-l S-l
Core tensile specimen holders" S-l S-l
In-line tensile specimen holders0 S-l S-l

Cote stress specimen holders T-l

In-line stress specimen holders T-l

Design pressure, psi 2000 2000

Refer to Table 3« for material code.



3.2 Specimens to Test Corrosion and Other Factors

The numbers and types of corrosion and mechanical property specimens employed in the loops are

shown in Table 3a. The specimen materials are listed by a code shown at the bottom of the table. Material

item numbers are also shown, and the corresponding compositions are listed in Table 3b. When composi

tions are not given, nominal ones are assumed.

All the corrosion coupons had the dimensions 0.25 x 0.50 x 0.06 in., except the platinum-nickel-clad

coupons, which were 0.50 x 0.50 x 0.06 in., and the platinum coupons, which were 0.25 x 0.50 x 0.02 in.

The clad specimens were tested at the request of the HRP Metallurgy Group, who supplied these speci

mens. The cladding was comprised of nickel plated on Zircaloy-2 to a depth of about 1 mil, and platinum

plated on the nickel to a depth of about 0.2 mil. The specimens were cut from a bar following the plating

operation, and, hence, all three metals were exposed on at least an edge of the coupon.

The arrangements of channel and annulus coupons are shown in Figs. 2 and 3. Figure 4 is a photograph

of the core-channel holder and coupons in loop L-4-16. Figure 5 is a photograph of the core specimen

assembly in loop L-4-16.

Abbreviations used in this report in referring to different types of specimens are the following: CC,

core channel; CA, core annulus; LC, in-line channel; LA, in-line annulus.

3.3 Loop Areas

Internal surface areas of each loop and total areas of specimens of different materials are listed in

Tables 4—8. Individual specimen and holder areas are included in Tables 21 and 22.

3.4 Solution Compositions

The compositions of the solutions charged to and recovered from loops are listed in Table 1. The com

positions of the solutions used to replace those removed in sampling are also listed. The reliability of

these analytical results is considered in the discussion section.

4. RESULTS AND SPECIFIC EVALUATIONS

4.1 Preparatory Operation

The solutions and other experimental conditions employed in preparatory operations are listed in Table

9 together with the results of analyses for corrosion products and chlorine in the various solutions. Values

are also listed for the average corrosion rates of steel loop surfaces calculated from the results for nickel

accumulation in solution and, where available, from oxygen consumption. In calculating the rate values it

was assumed that there was no selective oxidation of any of the components of stainless steel and that

oxidized nickel was dissolved quantitatively.

As discussed below (Sec 4.7), the nickel layers on the four nickel-platinum-clad Zircaloy-2 coupons in

loop L-2-15 were badly attacked or completely dissolved during the experiment. Estimates of stainless

steel corrosion rates for this experiment, based on nickel concentrations in solution, have not been cor

rected for the appreciable amount of nickel from this source.



Table 3a. Corrosion Specimens Exposed in Loop Experiments

Materials and Number of Specimens

Core-channel coupons

Line-channel coupons
Core-annulus specimens

Corrosion coupons
Impact specimens
Tensile specimens
Stress specimens

Line-annulus specimens
Corrosion coupons

Impact specimens
Tensile specimens

Stress specimens

Core-channel coupons

Line-channel coupons
Core- and line-channel holders

Core-annulus specimens
Corrosion coupons
Impact specimens

Tensile specimens
Line-annulus specimens

Corrosion coupons

Impact specimens
Tensile specimens

Z-2 2-3 Z-4

Experiment L-2-15

3 2

2 2

2

3 2

1

Experiment L-4-16

Z-5

2" l" 2" l"

1" 1" 1" 1"

Z-6

2" 1"
1" \e

1- 1"

1"

Z-7

"Held at 900°C for 3 hr, watet-quenched.
4Held at 900°C fot 3 ht, water-quenched; held at 600°C for 48hr, air-cooled.
cCommercial anneal.

JHeld at 1200°F for 30 min.
eHeld at 900°C for 3 hr, water-quenched; held at 600°C fot 3 hr, water-quenched.
Specimens fabricated from materials Z-4 through Z-12 were chemically polished; all others were "as-machined."

Type 347 stainless steel (L-2-15) item No. 1149, (L-4-16) item No. 1149
Type 309SCb stainless steel (L-2-15) item No. 252

Titanium-55A (L-2-15) item No. 1165, (L-4-16) item No. 1165
Titanium-110AT (L-2-15) item No. 1176, (L-4-16) item No. 1176

Crystal-bar zitconium (L-2-15) item No. 1591-8
Zircaloy-2 (L-2-15) item No. 1157, (L-4-16) item Nos. 1157 and 1153
Nickel- and platinum-clad Zircaloy-2

85% Zr sponge, 15% Nb

67% Zr crystal bar, 33% Nb
85% Zr crystal bar, 15% Nb
95% Zr crystal bar, 5% Pt
95% Zr crystal bar, 5% Pd
75% Zr crystal bar, 20% Nb, 5% Pd

Z-10 80% Zr crystal bar, 15% Nb, 5% Pt
Z-ll 83% Zr crystal bar, 15% Nb, 2% Pt
Z-12 83% Zr crystal bar, 15% Nb, 2% Pd

P Platinum

Material code: S-l

S-2

T-l

T-2

Z-l

Z-2

Z-3

Z-4

Z-5

Z-6

Z-7

Z-8

Z-9

Z-8 Z-9 Z-10

2" l" 2" 1* 2" 1"



Element

Cr

Cu

Fe

Ni

Sn

C

Si

Mn

Mo

Nb/Ta

N2

H2

P

S

Nb

Table 3b. Composition of Specimen Materials (%)

Material and Item Number

347 Stainless Steel, 309SCb Stainless Steel, Zircaloy-2

1149 252
1157 1163

™. . __ . Zirconium
ritanium-55A,

, jj'. Crystal Bar,

1591-8

12.8

69.2

10.2

0.043

0.50

1.43

0.11

0.79

23.19

14.46

0.06

0.54

1.76

0.014

0.020

0.89

0.2 HRT plate

0.05
No. 8

0.5

0.1

1.5

0.047

0.027

0.020

0.004

FRONT T-1 Z-2 Z-2 S-1 S-1 T- 4 S-1 Z-2 T-1 S-1 Z-2 T-4 S-4 Z-2 Z-2 T-4 T-4 S-1 T-4 Z-2 S-4 T-4 Z-2 S-4 REAR

(9) (10) (11) (12) (13) (15) (17) (20) (23) (29) (34) (37) (40) (44) (40) (30) (24) (20) (17) (151 (13) (12) (11) (10)

NUMBERS IN PARENTHESES INDICATE AVERAGE SOLUTION VELOCITY (fps) ACROSS SPECIMENS

L-2-15 AND L-4-16

CORE AND IN-LINE CHANNEL COUPONS

FRONT Z-3 Z-2 S-1 T-2 Z-2 S-1 P T-2 S-2 Z-2 S-1 P S-2 Z-3 REAR

NO. 1

Z-2 Z-10

(o)

Z-10

(b)

Z-5

(o)

Z-5

(b)

Z-6

(a)

Z-6

tb)

Z-7

(o)

Z-9

(a)

Z-8

(a)

Z-4

(0)

Z-19

(a)

Z-11

(a)

Z-2 S-1

NO. 2

Z-2 Z-4

(a)

Z-4

(b)

Z-12

(a)

Z-12

(b)

Z-11

(a)

Z-11

(b)

Z-2 Z-9

(a)

Z-8

(a)

Z-6

(o)

Z-7

(0)

Z-10

(a)

Z-5

(a)

.S-1

L-4-16

CORE ANNULUS COUPONS

Z-3 Z-2 S-1 T-2 Z-2 S-1 P T-2 S-2 Z-2 S-1 P S-2 Z-3

L-2-15

! Z-2

I

Z-6

(o)

Z-6

(b)

Z-4

10)

Z-4

(0)

Z-12

(a)

Z-11

(a)

Z-10

(a)

Z-5

(a)

Z-5

(b)

Z-9

(a)

Z-8

(a)

Z-7

(O)

Z-2 S-1
R

L-4-16

IN-LINE ANNULUS COUPONS

Fig. 2. Core and In-Line Coupon Specimen Arrangement in L-2-15 and L-4-16.

0.05

0.05

0.5

0.05

0.05
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ASSEMBLY { ) ^^ { Z"< ) IMPACT
COUPOM

ASSEMBLY NO.

MPACT Z-2 A FRONT EZ-i IMPACT IMPACT (7"f)A

IMPACT (!"')

CORE SPECIMENS

TENSILE T-2

TENSILE (z-'J

L-2-15

IN-LINE SPECIMENS

TENSILE

UNCLASSIFIED
ORNL-LR-DWG 75548

FRONT E Z-2 IMPACT

COUPON
ASSEMBLY NO.2

Z-2 IMPACT

Fig. 3. Core and In-Line Tensile, Impact, Stress, and Annulus Coupon Specimen Arrangements in
L-2-15 and L-4-16.
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Table 4. Loop Areas Exposed to High-Temperature Solution:

Type 347 Stainless Steel

Component
Area

L-2-15

Expo sed (cm )

L-4-16

Total main circulation lines 1450 1516

(not including pump and core)

Pressurizer

Total (708) (708)

Area wetted 504 469

Pressurizer lines 243 293

Core 318 318

Pump

Scroll 236 236

Impeller

Total area

215 215

2966 3047

Table 5. Total Areas Exposed to High-Temperature Solution: Stainless Steel Specimens

Component

Core-channel coupons

Line-channel coupons

Core- and line-channel holders

Core-annulus coupons

Line-annulus coupons

Core- and line-annulus holders

Core spider

Core- and line-channel

holder clamp bands

Core and line special holders

Total

L-2-15 L-4-16

347 309SCb 347

Number
Area

(cm )
N amber

Area

(cm )
N umber

Area

(cm2)

8 17.6 8 17.6

8 17.6 8

2

17.6

380

3 6.6 2 4.4 2 4.4

3 6.6 2 4.4 1

3

2.2

124.8

1 19.4 1 19.4

4 58.0 4 58.0

116.8 116.8

242.6 744.1
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Table 6. Total Areas Exposed to High-Temperature Solution: Titaniun

Component

Core-channel coupons

Line-channel coupons

Core-annulus coupons

Core-annulus holder

Line-annulus coupons

Line-annulus holder

Core impact specimens

Line impact specimens

Core tensile specimens

Line tensile specimens

Core stress specimens

Core stress specimen

holder

Line stress specimen

Line stress specimen

holder

Total

L-2-15 L-4-16

Ti-55A Ti-llOAT Ti-55A Ti-llOAT

Number

Area

(cm )

Area

Number (cm2} Number

Area

(cm )

Area

Number / 2%
(cm )

8

8

17.6

17.6

8

8

17.6

17.6

4.4

41.6

4.4

41.6

2 20.0

20.0

2 20.0

20.0

75.2 48.8

23.9

29.1

1 23.9

1 23.9

1 21.2

1 21.2

90.2



Material

Crystal-bar zirconium

Zircaloy-2

Zircaloy-2"

Nickel- and platinum-clad Zircaloy-2

Zircaloy-2

Zircaloy-2fl

Nickel- and platinum-clad Z rcaloy-2

85% Zr sponge, 15°; Nbb

85% Zr sponge, 15% Nbc

67% Zr crystal bar, 33% Nb1,

67% Zr crystal bar, 33% Nbc

85% Zr crystal bar, 15%Nb4

85% Zr crystal bar, 15% Nbc

85% Zr crystal bar, 15%Nb''

95% Zr crystal bar, 5% Pt*

95% Zr crystal bar, 5% Pd4

75% Zr crystal bar, 20% Nb, 5%Pt6

80% Zr crystal bar, 15% Nb, 5%Ptfc

80% Zr crystal bar, 15% Nb, 5% Ptc

83% Zr crystal bar, 15% Nb, 2% Pt*

83% Zr crystal bar, 15% Nb, 2% Ptc

83% Zr crystal bar, 15% Nb, 2% Pdfc

83% Zr crystal bar, 15% Nb, 2% Pdc

Table 7. Total Areas Exposed to High-Temperature Solution: Zirconium and Zirconium Alloy Specimens

Component

Core-Channel

Coupons
Line-Channel

Coupons

Core- and Line-

Channel Holders

Core-Annulus

Coupons

Core Impact
Specimens

Core Tensile

Specimens

Area

N°- (cm2)

Line-Annulus

Coupons

Line Impact
Specimens

Area

N°- (cm2)

Line Tensile

Specimens

Area

No- (cm2)
Area

N°- (cm2)
Area

N°- (cm2)
Area

N°- (cm2)
Area

No- (cm2)
Area

N°- (cm2)
Area

N°- (cm2)

17.6 17.6 380

17.6 17.6 380

17.6 17.6

17.6 17.6

L-2-15

2 53.4

6.6 2 53.4

4.4

11.0 106.8

L-4-16

2 4.4

1 2.2

2 4.4

1 2.2

2 4.4

1 2.2

2 4.4

2 4.4

2 4.4

2 4.4

1 2.2

2 4.4

1 2.2

2 4.4

1 2.2

61.6

26.7

26.7

2 53.4

6.6 1 26.7

4.4

11.0 80.1

2.2

2.2

2.2

2.2

2.2

2.2

2.2

2.2

2.2

2.2

2.2

26.7

53.4

"Held at 1200°F for 30 min.

fcHeld at 900°C for 3 hr, water-quenched.
'Held at 900°C for 3 hr, water-quenched; held at 600°C for 48 hr, air-cooled.
rfHeld at 900°C for 3 hr, water-quenched; held at 600°C for 3 hr, water-quenched.



Atmosphere Temperature
(°C)

3%Na}P04 He

5% HN03 He

H20 °2
H20 o2

0.17 m U02S04, <>7
0.03 m CuS04,
0.02 m H2S04

0.17 m U02SO4, °7
0.03 m CuS04,
0.02 m H2S04

3%Na3P04 He

5%HNO, He

H20 °2

0.17 m U02S04,
0.025 «H2SO(,
0.0075 m CuS04

°2

0.17 m U02SO4,
0.025 mH2S04,

°2

0.0075 m CuSO,

95

95

280-305

280-305

280-305

280-305

94

95

280-295

280-295

280-295

Table 8. Total Areas Exposed to High-Temperature Solution: Miscellaneous Specimens

Compon 2tlt

T

Material

Core-Annu!

Coupons

us Line-Annul

Coupons

us
otal Area

(cm )

Number
Area

(cm )
Number

Area

(cm )

PI atinum

L-2-15 2 1.8 2 1.8 3.6

Table 9. Analyses of Samples from Loop Inventory and Overall Corrosion Rates During Preparatory Operations'1

Total

Circulation Inventory
at Time

of Sampling
(ml)

Concentration and Total Weight of Constituents
Average

Stainless Steel

Time for Uranium Sulfate Copper Nickel Iron Chromium Aluminum Chlorine Corrosion

Rate (mpy)

Nickel 0,

Each

Solution (hr)
(mg/ml) (g) (mg/ml) (g) (fig/ml) (mg) (fig/ml) (mg) (/xg/ml) (mg) (fig/ml) (mg) (/xg/ml) (mg) (fzg/ml) (mg)

5.6

23.5

6.1

36.3

46.0

3.9

24.2

16.1

53.3

114.3

1250

1250

1013

1014

1014'

1015c

1013

1250

1170

1050

lOoV

1065'

L-2-15

<1 <1 <1 <1 5 6 <1 <1 <2 <2 <2 <2

5 6 75 94 110 138 8 10 14 18 <1 <1

<1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1

<1 <1 3 3 <1 <1

36.6 37.1 20.5 20.8 1960 1990 46 31 31

41.0"

38.6

38.8

39.5

39.2

41.3

20.0

21.8

1950

1800 1830

5

64 65

10

24

1

16

L-4-16

<1 <1 <1 <1 11 14 <1 <1 4 4 8 10

<4 <4 18 21 75 88 10 12 20 23 <2 <2

<1 <1 <1 <1 <1 <1 <3 <3 <1 <1 <1 <1

19.0 480 0 3 0 5 <2

18.7 19.9 470 501 48 51 32 34 46 49 29 31 <2 <2

19.5 450 0 12 0 13 <2

19.5 20.8 480 511 23 25 21 22 32 34 28 30 <2 <2

4.3

4.0

0.3

"Constituent concentrations and totals shown are not cumulative but represent the quantities present for operation with each solution.
Entries on this line are for the original solution.

cEntries on this line are for the final solution.

pH

11.4

0.3

8.0

3.7

1.9

2.1

1.9

1.8

11.0

0.03

2.6

1.5

1.6

1.5

1.5
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4.2 In-Pile Operation, Solution Analyses

The results of analyses for constituents other than fission products are given in Table 10, and for free

acid in Table 11. In general, the listings include the reported concentration of a constituent in a sample,

the concentration in the sample prior to dilution by wash water which contained Li.SO, tracer, and the

calculated total amount of a given constituent in the loop solution. The calculated values for total amounts

of a constituent at the time of a given sampling include corrections, where applicable, for the amounts with

drawn in prior sampling.

Table 11 includes the free-acid concentration calculated from the results of pH measurements and

from inventory balances of acid additions and removals, assuming removal of acid mole per mole by the

nickel and manganese found in solution.

The reported, corrected, and calculated concentrations of uranium, sulfate, and copper in the several

experiments are shown and compared graphically in Fig. 6.

The nickel data given in the above table are plotted against circulation time in Fig. 7. Values of steel

corrosion which correspond to given amounts of nickel (calculated as described in Sec 4.1) are also shown.

Plots of the free-acid concentration determined by analyses and from pH measurements are plotted vs

radiation exposure time in Figs. 8 and 9.

4.3 In-Pile Operation, Oxygen Consumption

The results of oxygen consumption measurements during radiation exposure are shown in Figs. 10 and

11 in plots of calculated rates of consumption by steel vs megawatt-hours of LITR energy accumulated

during exposure. Each datum was obtained during periods in which the reactor operated at the 3-Mw power

level (the usual level) and in which the rate of pressure loss was essentially constant for 10 hr or more.

The plotted times are midpoints of such periods. The consumption rates are in units of volume of oxygen

per 3 Mwhr. Also shown in each figure are values for the average consumption rates on the zirconium and

titanium alloys determined from weight data. The steel rates were obtained by reducing the observed con

sumption rates by these listed amounts. Values are also shown in each figure for the relationships between

oxygen consumption rates and steel corrosion rates in mils per year when it is assumed in one case that

all steel surfaces in contact with high-temperature solution corroded uniformly, and in another case that

only the steel surfaces in the core consumed oxygen. The actual distribution of the corrosion in a loop

will be considered in the discussion section.

Data for the total amounts of oxygen consumed during the in-pile exposures are listed in Table 12. The

corresponding steel penetration values calculated, assuming uniform corrosion of steel surfaces, with no

corrections for corrosion of other materials, are also listed. These oxygen consumption results corrected

for consumption by other materials are shown graphically and compared with the nickel results in Fig. 7 as

functions of total times at operating temperature.

G. H. Jenks and J. E. Baker, In-Pile Loop Corrosion Experiments with Uranyl Sulfate Solutions at 235 and
250°C, ORNL-3131 (in press).
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TabU 10. Analyses of Samples from Loop Inventory During Enriched-Solution Operation"

Inventory Zirconium Aluminum Manga nese

Total

Circulation

Time

(hr)

Accumulated

LITR

Energy
(Mwhr)

Volume at

Time of

Sample, 25t
(ml)

Lithium

(mg/ml)

Sample
Dilution

Factor^

Sulfate Copper

pH Specific
Gravity

H,SO,4
Sample Rep

(mg/ml)
Cor''

(mg/ml)
Calcd*
(mg/ml)

Rep

(mg/ml)
Cor'

(mg/ml)
Calcd8

(mg/ml)
Rep

(mg/ml)
Cor'

(mg/ml)
Calcd*
(mg/ml)

Rep

(mg/ml)

Calcd

Total1

(«)

Rep

(mg/ml)

Calcd

Total'

(g)

Rep
(mg/ml)

Calcd

Total'

<g>

Rep
(mg/ml)

Calcd

Total'

(8)

Rep

(mg/ml)

Calcd

Total'

(g)

Rep

(mg/ml)

Calcd

Total'

(g>

Rep
(rag/ml)

Calcd

Total'

(8)

Concentration

First original

L-2-15-1'
L-2-15-2

L-2-15-3

L-2-15-4

L-2-15-5'
L-2-15-6

L-2-15-7'
L-2-15-8

narge 0

69.4

1016 ND 1.0 39.6 39.6 39.6 20.9 20.9 20.9 0.91 0.91

L-2-15

0.91 0.012 0.013 ND ND ND ND 0.056 0.057 0.006 0.006 1.51 1.057 0.031

0 1016 0.145 1.19 33.4 39.6 39.6 18.4 20.7 20.9 1.07 1.27 0.91 0.093 0.112 ND ND 0.145 0.175 1.95 0.013

62.8 1016 0.162 1.21 32.1 38.9 39.6 17.5 19.8 20.9 0.53 0.64 0.91 0.073 0.090 ND ND 0.056 0.070 0.012 0.015 2.15 0.008

183.7

230.2

278.2

350.4

402.0

449.5

1016 0.182 1.24 34.1 42.4 39.6 18.4 21.4 20.9 0.91 1.13 0.91 0.037 0.047 0.100 0.128 ND ND 0.144 0.182 0.012 0.015 ND 1.75 0.022

334.4

459.6

664.7

1018

1016

1016

0.146

0.210

0.156

1.19

1.29

1.17

36.7

34.4

43.6

40.3

39.4

39.4

39.4

19.3

18.6

21.7

20.7

20.8

20.8

20.8

0.87

0.87

1.03

1.02

0.90

0.9O

0.90

0.053 0.064 0.135

0.157

0.166

0.192

ND

ND

ND

ND

ND

ND

0.081

0.032

0.098

0.039

0.056

ND

0.068

ND

ND

ND

ND

ND

1.90

1.80

1.80

0.015

0.021

0.019

719.1

775.3

1017

1015

0.145 1.19 36.6 43.4 39.3

39.3

20.0 22.5 20.9

21.0

0.74 0.88 0.90

0.90

0.110 0.132 0.162 0.206 ND

ND

ND

ND

0.033 0.041 0.048 0.058

1.80

0.019

0.019™

Average concentration 41.3 21.1 0.89

Second otigina

L-2-15-9'
L-2-15-10

L-2-15-11

L-2-15-12

L-2-15-13

L-2-15-14

change 0

476.3

490.6

538.8

587.2

658.3

706.4

1.0 39.6 39.6 39.6 20.9 20.9 20.9 0.91 0.91 0.91 0.012 0.013 ND ND ND ND 0.056 0.057 0.006 0.006 1.51 1.057 0.031

805.5

836.4

1018

1018

0.158

0.148

1.21

1.19

33.1

37.6

39.9

44.7

39.5

39.5

19.2

20.6

21.8

23.3

20.8

20.8

0.80

0.93

0.97

1.11

0.90

0.90

0.127

0.171

0.156

0.207

0.023

0.039

0.028

0.047

ND

ND

ND

ND

0.293

0.055

0.360

0.065

0.135

0.076

0.163
0.092

1.65

1.80

0.027

0.019

948.0

1082.0

1276.8

1016

1016

1016

0.166

0.160

0.140

1.22

1.21

1.18

38.1

35.6

37.1

46.4

43.0

43.7

39.5

39.5

39.5

19.5

19.8

22.3

22.2

20.9

20.9

20.9

0.86

0.85

1.05

1.01

0.90

0.90

0.90

0.161

0.143

0.199

0.171

0.019

0.086

0.199

0.024

0.107

0.239

ND

ND

ND

ND

ND

ND

0.094

0.081

0.117

0.097

0.002

0.019

0.002

0.023 ND ND

1.75

1.80

1.75

0.022

0.019

0.021

1388.9 1018 0.146 1.19 34.8 41.2 39.4 18.8 21.1 20.9 0.79 0.93 0.90 0.045 0.054 0.125 0.154 ND ND 0.070 0.085 ND

1.60 0.029
L-2-15-15 754.6 1518.6 1016 0.135 1.17 40.2 47.0 39.4 20.9

Average concentration

Original charge
L-4-16-1'
L-4-16-27
L-4-16-3

L-4-16-4

L-4-16-5

L-4-16-6

L-4-16-7

L-4-16-8

L-4-16-9

L-4-16-10

L-4-16-11

L-4-16-12

L-4-16-13
L-4-16-14

Average concentration

0

113.1

122.4

145.6

193.1

241.1

289.1

361.9

457.6

529.4

625.0

697.0

793.0

865.1
961.1

0

0

0

32.2

175.7

309.9

374.2

575.0

789.5

999.0

1229.8

1438.1

1672.9

1876.4

2122.5

"Where no values are given, either an analysj
feWash water contained Li2S04 at 0.068 m.
^Dilution factors calculated on lithium concentration found in sample.
(Reportedconcentration)x (dilution factor).

'Determined from calculated uranium and inventory balance.
'(Reported concentration) x (dilution factor); corrected forSO4 from Li2SO^.
^Determined from calculated sulfate and inventory balances - does not include amount introduced by Li2S04.

1056

1046

1056

1056

1056

1057

1056

1056

1057

1057

1056

1056

1056

1056

1057

ND

0

0.107

0.112

0.117

0.133

0.119

0.117

0.143

0.136

0.090

0.100

0.141

0.113

0.129

1.0

1.0

1.13

1.14

1.14

1.17

1.15

1.14

1.18

1.17

1.11

1.12

1.18

1.14

1.16

39.9

39.2

39.0

40.4

41.0

38.3

37.8

36.5
38.4

38.7

36.7

36.0

37.5

36.5

37.5

39.9

39.2

44.0

46.0

46.9

44.7

43.4

41.8

45.4

45.4

40.7

40.4

44.2

41.5

43.6

43.4

39.9

39.9

39.9

39.9

39.9

39.9

39.9

39.9

39.8

39.8

39.8

39.8

39.8

39.8

39.8

19.0

19.2

20.5

20.3

21.8

21.7

20.0

18.9

21.7

21.3

21.1

20.1

21.2

20.9

19.5

; was notrequested or the analyticalresults were not tellable. ND, not detected.

19.0

19.2

22.4

22.2

24.1

24.3

22.0

20.7

24.5

23.8

22.7

21.7

23.8

23.0

21.7

22.6

19.0

19.0

19.1

19.2

19.4

19.5

19.6

19.7

19.8

19.8

19.9

20.0

20.1

20.2

20.2

0.90

0.69

0.96
0.94

0.91

0.83

0.86

0.82

0.96

1.05

0.94

0.81

1.01

0.88

0.72

0.90

0.69

1.08

1.07

1.04

0.97

0.99

0.99

1.13

1.13

1.14

0.71

1.19

1.10

0.83

1.00

L-4-K

0.90

0.90

0.90

0.90

0.90

0.90

0.90

0.90

0.10

0.10

0.89

0.89

0.88

0.88

0.89

0.013

0.042

0.028

0.015

0.022

0.101

0.054

0.018

0.089

0.074

0.061

0.021

0.049

0.014

0.051

0.034

0.019

0.026

0.122

0.068

0.022

0.105

0.088

0.076

0.146

0.060

ND

0.021

0.037

0.034

0.100

0.052

0.038

0.078

0.089

0.121

0.757

0.173

0.225

0.235

0.312

ND

0.022

0.045

0.043

0.123

0.070

0.054

0.102

0.152

0.192

0.346

0.255

0.331

0.342

0.447

ND ND ND ND

0.044 0.046 0.007 0.007

0.027 0.033 0.067 0.080

0.053 0.063 0.064 0.077

0.093 0.119 0.020 0.024

0.104 0.128 0.100 0.124

0.035 0.042 0.038 0.047

0.039 0.048 0.075 0.094

0.040 0.050 0.043 0.054

0.044 0.055 0.024 0.030

0.007 0.101 0.020 0.023

0.149 0.176 0.077 0.041

0.153 0.190 0.040 0.050

0.140 0.168 ND ND

0.142 0.174 0.013 0.016

ND ND 1.50

1.85

1.80

0.029 0.035 1.90

ND ND 1.75

ND ND 1.80

ND ND 1.85

ND ND 1.60

ND ND 1.75

ND ND 1.65

ND ND 1.75

ND ND 1.85

ND ND 1.70

ND ND 1.70

0.032 0.039 1.80

Determined from calculated copper and invenrory balances.
'(Reported concentration) x (dilution factor) X(inventory volume).
'(Reported concentration corrected for sample dilution andamounts withdrawn in previous samples) x (inventory volume).
Determined from pH and corrected for sample dilution.

'Sample taken withreactordown.
""Usingan estimated value of 1.18 fot the dilution factot.

0.032

0.014

0.018

0.015
0.021

0.019

0.016

0.029

0.021

0.026

0.020

0.016

0.024

0.023

0.019
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Table 11. Reported, Corrected, and Calculated Free H-SO. in Solution

Circulation

Sample Number Inventory Time
(ml) (hr)

Original charge 1016 0.0

Reported Free

Acid in Solution

at Time of

Sample

Free

Acid3

from

PH

(m)

L-2-15

0.030 0.031

Corrected Free

Acid in Solution

at Time of

Sample

(m)

0.030

Nickel and

Manganese

Produced at

Time of

Sample

(moles)

0.0

Calculated Free

Acid in Solution

at Time of

Sample

0.030

L-2-15-1 1016 69.4 0.011 0.002 0.028

L-2-15-2 1016 110.7 0.007 0.002 0.029

L-2-15-3 1016 183.7 0.018 0.002 0.028

L-2-15-4 1018 230.2 0.013 0.003 0.027

L-2-15-5 1016 278.2 0.020 0.016 0.024 0.003c 0.027

L-2-15-6 1016 350.4 0.016 0.003 0.027

L-2-15-7 1017 402.0 0.016 0.004 0.028

L-2-15-8 1015 449.5 0.026 0.016 0.030^ 0.029

Second original
charge

1018 0.0 0.030 0.031 0.030 0.0 0.030

L-2-15-9 1018 476.3 0.022 0.001 0.030

L-2-15-10 1018 490.6 0.016 0.001 0.030

L-2-15-11 1016 538.8 0.018 0.001 0.030

L-2-15-12 1016 587.2 0.027 0.016 0.033 0.002 0.029

L-2-15-13 1016 658.3 0.018 0.004 0.027

L-2-15-14 1018 706.4 0.016 0.003 0.028

L-2-15-15 1016 754.6 0.029 0.025

L-4-16

0.034

Original charge 1056 0.0 0.023 0.032 0.023 0.0 0.023

L-4-16-1 1046 113.1 0.025 0.014 0.025 0.001 0.022

L^-16-2 1056 122.4 0.021 0.016 0.024 0.001 0.022

L-4-16-3 1056 145.6 0.013 0.001 0.022

L-4-16-4 1056 193.1 0.025 0.018 0.029 0.002 0.022

L-4-16-5 1057 241.1 0.021 0.016 0.025 0.001 0.024

L-4-16-6 1056 289.1 0.021 0.014 0.024 0.001 0.025

L-4-16-7 1056 361.9 0.021 0.025 0.024 0.002 0.024

L-4-16-8 1057 457.6 0.028 0.018 0.033 0.003 0.024

L-4-16-9 1057 529.4 0.029 0.022 0.034 0.003 0.024

L-4-16-10 1056 625.0 0.029 0.018 0.032 0.006 0.021

L-4-16-11 1056 697.0 0.028 0.014 0.031 0.004 0.023
L-4-16-12 1056 793.0 0.023 0.020 0.027 0.006 0.022

L-4-16-13 1056 865.1 0.024 0.020 0.027 0.006 0.023

L-4-16-14 1057 961.1 0.030 0.016 0.035 0.008 0.021

Not corrected for sample dilution.

Includes amounts withdrawn in previous samples.
Estimated.

Using an estimated value of 1.18 for the dilution factor.
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STAINLESS STEEL PENETRATIONS BASED ON

OXYGEN CONSUMPTION AFTER CORRECTION FOR

OXYGEN CONSUMPTION BY OTHER MATERIALS.

0 100 200 300 400 500 600 700 800 900 1000 1100

CIRCULATION TIME (hr)

L-2-15 L-4-16
L-2-15 L-4-16

2500^
Q.

1-
CO

800 -i
— 900

5 700-
-800 „

o

E^ 600- -700

z

-1500 O
500- -600

1500- r-

5
400-

-500
o
CO

-1000 -400 •z

1000- o 300-

-300
_J

200-
O

500-
-500 52 -200

o 100--100
_1

0-L-o t- 0-L-o

Fig. 7. Overall Corrosion Penetration of Type 347 Stainless Steel.
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Fig, 10. Oxygen Consumption Rates on Stainless Steel in Loop L-2-15.



Table 12. Oxygen Consumption in Loop

Operation
Sample

Number

LITR

Energy

(Mwhr)

Total

Solution

Circulation

Time

(hr)

0?
Additions

to Loop

(cc at STP)

°2
Withdrawn

from Loop

(cc at STP)

Total 02
Charged to Loop

Less 0- Withdrawn

in Sampling

(cc at STP)

C>2 Volume
at Time of

Sample

(cc at STP)

°2
Consumed

Since Last

Sample

(cc at STP)

Total 02
Consumed

(cc at STP)

Calculated

Corrosion

Penetration

of Type 347

Stainless Steel

(mils)

L-2-15

1st 02 addition 0 0 1228 0 1228 0 0 oc 0

L-2-15-1 0 69 0 6 1222 1103 119 119c 0.01

L-2-1 5-2 63 111 0 5 1217 856 242 361c 0.02

L-2-15-3 236 184 0 3 1214 561 292 653c 0.04

2d O- addition 208 861 0 2075 1332 743 743^ 0.04

L-2-15-4 334 230 0 7 2068 1229 96 839^ 0.05

L-2-15-5 460 278 0 6 2062 1040 183 1022^ 0.05

L-2-15-6 665 350 0 11 2051 831 198 1220^ 0.07

3d 0- addition 399 697 0 2748 1425 103 1323* 0.07

L-2-15-7 719 402 0 19 2729 1405 1 1415e 0.08

L-2-15-8 775 449 0 20 2709 1294 91 1458e 0.08

Drained loop
and recharged
with fresh
solution

470 0 1251 1458 43 1458e 0.08

4th Oj addition

5th O, addition

End of run

470 1230 0 2688 1230 0 1458' 0.08

L-2-15-9 806 476 0 7 2681 12 04 19 1477/ 0.08

L-2-15-10 836 491 0 6 2675 1132 66 1543^ 0.08

L-2-15-11 948 539 0 5 2670 927 200 1743^ 0.09

L-2-15-12 1082 587 0 4 2666 773 150 1893^ 0.10

L-2-15-13 1277 658 0 3 2663 582 188 2081^ 0.11

682 775 0 3438 1300 57 2138s 0.11

L-2-15-14 1389 706 0 7 3431 1209 84 2222s 0.12

L-2-15-15 1519 755 0 6 3425 1076 127 2349s 0.13

1632 792 3425 983 93 2442s 0.14



Operation
Sample

Number

LITR

Energy

(Mwhr)

Total

Solution

Circulation

Time

(hr)

Table 12 (continued)

°2 °2
Additions Withdrawn

to Loop from Loop

(cc at STP) (cc at STP)

Total 02
Charged to Loop

Less O. Withdrawn

in Sampling

(cc at STP)

L-4-16

07 Volume
at Time of

Sample

O,

Consumed

Since Last

Sample
(cc at STP) (cc a( STp)

Total 02
Consumed

Calculated

Corrosion

Penetration

of Type 347

(cc at STP) Stainless Steel

(mils)

1st Oy addition 0 0 1263 0 1263 1263 0 0" 0

L-4-16-1 0 113 0 0 1263 1165 97 97* 0.01

L-4-16-2 0 122 0 13 1250 1147 5 103* 0.01

L-4-16-3 32 146 0 12 1237 1078 56 159* 0.01

L-4-16-4 176 193 0 11 1226 994 72 231* 0.01

L-4-16-5 310 241 0 10 1215 913 71 302* 0.01

L-4-16-6 374 289 0 3 1212 849 61 363* 0.02

L-4-16-7 575 362 0 9 1203 764 76 440* 0.02

2d Oy addition 436 824 0 2027 1473 115 554' 0.02

L-4-16-8 790 458 0 5 2022 1441 26 581' 0.02

L-4-16-9 999 529 0 10 2012 1341 90 671' 0.03

L-4-16-10 1230 625 0 9 2003 1195 137 808' 0.03

L-4-16-11 1438 697 0 8 1995 1091 96 904' 0.04

L-4-16-12 1673 793 0 7 1988 972 132 1036' 0.04

Lwj-16-13 1876 865 0 6 1981 848 97 1133' 0.05

3d 0, addition 886 1054 0 3035 1864 38 11717 0.05

L-4-16-14 2122 961 0 14 3021 1762 89 12607 0.05

End of run 2325 1032 0 0 3021 1594 168 1427' 0.06

Calculated amount removed as O., dissolved in sample.

Assumes oxygen consumption only by steel.

c12.34 std cc/psi.
rf12.45 std cc/psi.
e12.80 std cc/psi.

'12.48 std cc/ps
s11.57 std cc/ps

12.33 std cc/ps

12.65 std cc/ps

'12.24 std cc/psi
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Fig. 11. Oxygen Consumption Rates on Stainless Steel in Loop L-4-16.

The total amounts of oxygen consumed by steel surfaces are shown vs megawatt-hours of LITR energy

in Fig. 12. Again, the data have been corrected for consumption by zirconium and titanium alloys by the

factors listed in Figs. 10 and 11. Shown for comparison in Fig. 12 are similarly corrected consumption

data from in-pile loop experiment EE. This 250°C experiment was operated with a solution 0.16 m in

U02S04, 0.028 m in CuS04, and 0.02 m in H2S04.

Values for overall stainless steel corrosion rates, based on corrected oxygen consumption data and

circulation time, are given in Table 13. Rates during periods preceding and following reactor startups are

also given.

4.4 Radiolytic-Gas Pressure

Average radiolytic-gas pressures in the pressurizers at 3-Mw reactor power, calculated from pressurizer

pressure-temperature measurements before and after reactor shutdowns, are shown in Fig. 13. The average

radiolytic-gas pressures at 3-Mw LITR power were 19.1 + 1.4 and 5.1 ±0.5 psi in experiments L-2-15 and

L-4-16. There were no significant changes in radiolytic-gas pressures with time in either experiment. In

experiment L-2-15, there was no significant difference between the average radiolytic-gas pressures before

and after refueling.
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Fig. 12. Oxygen Consumption by Steel Surfaces in Experiments L-2-15 and L-4-16.

Table 13. Overall Stainless Steel Corrosion Rates from Oxygen Consumption

Circulation Time

Before Reactor
Corrosion

c

Fo

lrculation Time

llowing Reactor
Corrosion

Overall

Corrosion Rate

Startup

(hr)

Rate

(mpy)
Startup

(hr)

Rate

(mpy)
for Experiment

(mpy)

L-2-15

1st enriched 75 0.5 395 1.1

solution 1.0

2d enriched 10 0 312 1.0

solution

L-4-16

1st enriched

solution

135 0.3

^Corrected for consumption by other materials.

897 0.5 0.5
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Fig. 13. Fission and Gamma Heat and Radiolytic-Gas Pressure vs Circulation Time.

The radiolytic pressure values were used to calculate the copper rate constants in the test solutions

by the method previously described. Values for the several factors employed in the calculation are
137listed in Table 14. The fission-power values are those determined from Cs analyses as described in

Sec 4.8.2. The solubility constants for 02 (a') and H or D2 (a) in the pressurizer solutions were obtained
from a compilation of Battelle and ORNL solubility data by Banter.13 The copper concentrations are those

for the solutions as charged. Another factor employed in the calculation is the ratio of the rate constants

in the mainstream and pressurizer. An activation energy of 22,000 kcal/mole for the copper activity was

used to estimate these values. These rate constants appear to be in fair agreement with those calculated

from the data from a group of in-pile experiments operated at 250°C.

The final calculated values for the copper molar rate constant and the hydrogen concentration in the

mainstream solutions are listed in the final columns.

12^G. H. Jenks and J. E. Baker, Apparent Copper Rate Constants Determined in In-Pile Loop Experiment L-2-22,
ORNL CF-60-3-88 (Mar. 23, I960).

13]. C Banter, private communication.



Experiment

a, H2 a', 02
Solubility atadioly tic-Gas Pa, Solubility at

Pressure in Fission Pressurizer Pressurizer
Pressurizer Power Temperature Temperature

(psi) (w)
(P si liter- cc- ] (P si liter" cc

L-2-15 19.1

L-4-16 5.1

2125

715

0.246

0.256

0.204

0.212

') (p:

Table 14. Apparent Copper Molar Rate Constants

Flow Rate

Through
Pressurizer

;i liter" cc"

0.0055

0.0055

Solution

Volume in

Pressurizer

(liter)

0.251

0.257

vm,
Solution

Volume in

Main stream

(liter)

0.581

0.615

Factor for

Recombination

of Radiolytic
H _ and 0 . in

Pressurizer

Exit Line

(liter)

0.989

0.982

Factor for

Recombination

of Radiolytic
H? and O- in
Pressurizer

Entrance Line

0.867

0.864

ICuj

Copper

Concentration

in Solution

Originally
Charged to

Experiment
O)

0.0143

0.0141

[H2]*, H2
Concentration

in

Pressurizer

(cc/liter)

54.9

14.1

[H2], H2
Concentration

in

Mainstream

(cc/liter)

239.9

65.3

aBased on Cs 137 analyses and 200 Mev/fission.
hK' and ('are, respectively, the estimated average rate constant in the pressurizer exit line (sec-') and the residence time in the line (sec); K^ and t" are similarly defined factors for the entrance line.
^Mainstream and pressurizer temperatures were 279 and 298°C, respectively, for experiment L-2-15; temperatures for L-4-16 were 280 and 295°C
Note: All volumes and concentrations are at STP.

[H,
KjCu] ••

3600 ,

B= 1.9 (L-2-15)
= 1.7 (L-4-16) .

R'
K — E

1 V

/KjCu]
, 3600

(80'
(1 - LE)

K ,c Apparent
Copper Molar Rate

Constant at

Mainstream

Temperatures

(liter mole"1 hr"')

9,860

12,000
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4.5 Uranium Balance

The method and results of estimating the balance between the amounts of charged and recovered

uranium in each of the experiments are illustrated in Table 15. The differences between the charged and

recovered amounts, —5% for L-2-15 and +2.5% for L-4-16, fall within the estimated uncertainty of the deter

minations of the recovered amounts.

4.6 Results of Qualitative Examination of Loops

Results of qualitative inspection of loop and specimens for each experiment are given in the following

paragraphs. Brief descriptions of the surface appearance of the coupons are included in Tables 21 and 22.

4.6.1 Experiment L-2-15

This loop was the first to use an air-demineralized water mixture to remove heat from the loop coolers.

Air alone or water alone had been employed previously. Because of this, particular attention was given

to the condition of these components. Visual and metallographic examination of the cooler annuli showed

no evidence of cracking. There was some staining of the metal and accumulation of light-colored scale

near the inlet and outlet parts of both coolers.

In an attempt to determine the cause of the pump failure, the volute, stator, and rotor were removed

from the pump. Examination of the volute and impeller showed no evidence of the impeller having dragged

on any of the surfaces. The impeller appeared to have adequate end play; it would turn, but would not spin

freely. Examination of the rotor, bearings, and journals, shown in Fig. 14, also failed to produce evidence

of the cause of the pump failure. Journal and bearing diameters were the same as when installed, except

for the front bearing, which showed a slight increase (0.003 in.) in inside diameter, probably as a result of

wear. As shown in Fig. 15, a small chip of A120, was missing from near the outer edge of the rear journal

thrust surface, but there was no evidence of damage to the mating surface on the bearing. Information

gained in subsequent experiments has shown that pump failures in loops L-2-15, L-4-16, and previous loops

were caused by stator failures.

As with previous loops, all the components outside the core region were covered with a brown rustlike

scale. This scale was heavy on all surfaces that had been wetted by solution, but the scale was thin on

the pressurizer surface that been exposed to vapor only. There was no evidence of localized attack on any

of the loop components.

All specimens from the in-line positions were uniformly covered with the brown scale. Figure 16 is a

view of the in-line holder coupons and tapered-channel, Zircaloy-2 coupon holder in the "as-removed"

condition. The uniform nature of the scale is apparent in this photograph. As with previous loops, the

standard cathodic defilming technique was only partially effective on the Zircaloy-2 coupons, and some

of this scale was retained on all of the in-line annulus and channel holder coupons of this material.

H. C. Savage and W. D. Reel, In-Pile Corrosion Test Loops for Aqueous Homogeneous Reactor Solutions,
ORNL-2977 (Nov. 10, 1960).
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Table 15. Actual Uranium Balance

1st original solution charged to loop

2d original solution charged to loop

1st makeup solution charged to loop

2d makeup solution charged to loop

Excess solution from fuel reservoir

Total

Loop inventory samples sent to
laboratory

Weigh-tank samples sent to
laboratory

Weigh-tank contents (including
solution from reservoir)

Total

Original solution charged to loop
Makeup solution charged to loop

(sum of fuel expansion plus solution
for the line rinses)

Total

Loop inventory samples sent to
laboratory

Weigh-tank samples sent to
laboratory

Weigh-tank contents

Weigh-tank contents

Total

Calculated.

Average from analyses.

Assumed.

Enriched Solution Operation

Solution

Weight

(g)

Specific

Gravity

Solution

Volume

(ml)

Solution Charged to L-2-15

U Concentration

by Analysis

(mg/ml)

1,073.5 1.057 1,015.6" 39.57

1,057.2 1.057 1,000.2a 39.57

247.0a 1.059 233.2 39.04

55.5a 1.057 52.5 38.48

l,185.7a 1.058^ 1,120.7 38.76a

Weight of U

6% l

(g)

(92.66% U235)

40.2"

39.6a

9.1s
2.0a

43.4fl

134.3

Recovered from L-2-15

39.6C 1.057c 37.5

10.lc 1.0C 10.1

10,400^ 1.0C 10,400a

32.1-40.2 1.3

11.7-13.1 0.1

12.1° 126

127

B alance = -5%

Solution Charged to L-4-16

1,115.3

479.9°

1.056

1.058

1,056.2"
453.6

39.85

40.02

Recovered from L-4-16

39.2C

15.6C

7,900"

1.057°

1.0L

1.0C

1.0C

37.1

15.6

7,737/
7,900a

36.0-41.0

5.6-10.6

7.6°

7.6°

Weigh-tank reading.

Sum of individual analyses.

'Calculated from inventory data.

42.1"

18.2°

60.3

1.4e

0.1e

59.0°
60.0°'

60.5

61.5d

Balance = +0.3%

+ 1.9%"
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still attached to the impeller. Figure 22 is a photograph of the units removed. Some scoring of the shaft

adjacent to the rear seal rings was apparent, but this damage was quite shallow. The stator was then re

moved, and the seal can was cut at C-C'; this permitted the removal of the rotor assembly, shown in Fig.

23. Very careful visual examination of the rotor can, bearings, and journals showed no indications of wear

or other damage. No dimensional measurements were made. From this examination it was concluded that

there was no evidence of any mechanical failure which could have caused the pump failure. As stated in

the previous section, it is now believed that stator failure was responsible for this pump failure.

As with previous loops, all the components outside the core were covered with a uniform dark-brown

rustlike scale which was thin only in the vapor region of the pressurizer.

The tensile specimens, impact specimens, annulus coupons from the in-line holder, and coupons from

the in-line tapered-channel holder were uniformly covered with a brown rustlike scale. As shown in Fig.

24, several coupons from the annulus array were held on one end only when removed from the loop. There

was no evidence to indicate that these coupons were dislodged during removal of the assembly from the

loop. They did not fall out during subsequent handling, indicating that they may have been dislodged

while the loop was in operation.

As with previous loops, the standard cathodic defilming technique was only partially effective on the

zirconium-alloy coupons.

The interior surface of the type 347 stainless steel core body was covered with a relatively thin rust

like film, ranging from a deep red-black color at the outlet or low-flux end. As with previous loops, this

film gradually increased in thickness with decreasing neutron-flux exposure. This graduated-scale thick

ness was also observed on the stainless steel spiders, coupons, and core coupon holder. Machine marks

on the interior surface of the core holder were found to decrease in distinctness in the direction of in

creasing neutron flux and were completely absent at the high-flux end.

Titanium specimens and coupons in the core were covered with the typical, thin brass-colored film.

The Zircaloy-2 coupons and impact specimens were covered with a thin, iridescent, predominantly gray

film. The remaining zirconium alloys were, in general, covered with an apparently heavier film which

was much darker and in some places a distinct shiny black. Figures 25 and 26 show the core-annulus

specimen arrays and core-channel coupon arrays as removed from the core.

4.7 Metallographic Examinations

Interior surfaces of typical sections of loop components, all surfaces of representative cross sections

of representative coupons, and both the tension and compression surfaces of stress specimens were ex

amined. In addition, coupon thicknesses were measured at both ends and near the center to determine

general surface removal and the location and extent of regions of localized attack. Findings from the

metallographic examinations for the components, coupons, and stress specimens from both experiments

are summarized in Table 16. These examinations were carried out by Stiegler. '

J. O. Stiegler, Metallographic Examination of Components, Coupons and Stress Specimens from HRP In-Pile
Loop L-2-15, ORNL CF-57-5-103 (May 22, 1957).

J. O. Stiegler, Metallographic Examination of Components and Coupons from HRP In-Pile Loop L-4-16, ORNL
CF-57-9-99 (Sept. 30, 1957).







Material and Specimen

Type 347 SS components
Interior surface of core cap

Inlet end of pressurizer

Outlet end of pressurizer
Pressurizer heater inlet wall

Pressurizer heater U-bend

Small loop cooler jacket
Pump outlet piping
Pump outlet piping weld

Type 347 SS coupons
Core channel

Core annulus

Line annulus

Type 309SCb SS coupons
Core annulus

Line annulus

V;ircaloy-2
Core channel

Core annulus

Line channel

Line annulus

Nickel- and platinum-clad crystal-bar
zirconium coupons

Core annulus

Line annulus

Titanium-55A coupons
Core channel

Line channel

Titanium-55A stress specimens
Core annulus

Line annulus

Table 16. Summary of Metallographic Examination of Components, Coupons, and Specimens

Calculated*
Specimen penetratiori
Number (mils)

Specimen Thickness (in.)

End End

L-2-15

1241A 0.63 0.059 0.060 0.060

1261A 0.03 0.059 0.060 0.060

1249A 2.20 0.059 0.036-0.048 0.057

1252A 0.03 0.059 0.059 0.060

C-76 1.56 0.059 0.058 0.059

C-77 4.56 0.010 0.046 0.008

C-79 0.03 0.060 0.060 0.061

ZB-14 0.42 0.060 0.060 0.060

ZB-18 0.24 0.060 0.060 0.060

7.B-28 0.79 0.058 0.058 0.058

ZB-22 + 3.7 mg 0.061 0.061 0.061

ZB-81 + 0.4 mg 0.061 0.061 0.061

0.058 0.058 0.058

ZV-3 0.058 0.058 0.058

Metallographic Observations Figure
Number

Interior surface appeared roughened but showed no evidence of inter-
granular corrosive attack or cracking; the initial surface probably
rough

Slight intergranular attack to maximum depth of ^ mil; most of sur- 26
face covered by %.-rail ^m

Surface appeared smooth and covered by /x-rnil film
Several cracks up to 3 mils in length emanated from the surface; a 29

%-mil film covered most of specimen
Smooth; free of film

Rough and uneven but no cracks evident
Smooth with no evidence of localized attack

Smooth with no evidence of localized attack

1-mil pits both sides and ends, but most cases on ends
Smooth, no attack

Attacked along entire length; more severe near center 27
Smooth, no attack

Ends and sides rough 30 and 31
Attacked over entire surface, but most severe at edges and ends
Smooth, no attack

Smooth, no attack

Smooth, no attack
Six to eight isolated t^-i
Smooth, no film visible
Smooth, no film visible

il pits, otherwise smooth

Dull gray with plating breaking off in spots; nickel removed from
between zirconium and platinum; nickel removal confined by
etching for nickel

Uniform brown scale on all surfaces; nickel removed from between
zirconium and platinum; nickel removal confined by etching for
nickel

Ti-132 0.08 0.059 0.059

Ti-138 0.08 0.059 0.058

Ti-140 + 1.9 mg 0.059 0.059

TD-8 0.08

TD-9 0.10

TD-6 0.02

TD-7 0.02

0.059 Smooth, no attack
0.059 Smooth, no attack

0.059 Smooth, no visible film

Both tension and compression surfaces appeared smooth with no
cracking; pitting a localized attack



Material and Specimen

Type 347 SS components
Pressurizer heater inlet wall

Pressurizer heater U-bend

Pressurizer heater outlet wall

Pump outlet piping weld

Type 347 SS coupons
Core channel

Line channel

Titanium-55A coupons
Core channel

Line channel

Zircaloy-2 coupons
Core channel

Line channel

Line annulus

Crystal-bar Zr—15% Nb coupons
Core annulus

Line annulus

Sponge Zr—15% Nb coupons
Core annulus

Line annulus

Crystal-bar Zr-15% Nb-2% Pd coupons
Core annulus

Crystal-bar Zr-15% Nb-2% Pt coupons
Core annulus

Crystal-bar Zr-33% Nb
Core annulus

Line annulus

Specimen
Number

1069A

Calculated"

Penetration

(mils)

Table 16 (continued)

Specimen Thickness (in.)

End Center

L-4-16

0.060 0.064 0.062

Metallographic Observations

Cracks up to 2 mils long, originating at interior surface, randomly
located; cracking probably transgranular; surfaces between cracks
were smooth

Cracks up to 2 mils long, originating at interior surface, randomly
located; cracking probably transgranular; surfaces between cracks
were smooth

No cracking detected

Intergranular penetration (^74 mil in depth) on piping interior on one
side of weld, none on opposite side; no attack on weld; no surface
film detected on sections examined

Six or eight /j-mil pits on edges of coupon; erosion near both ends
of coupon about 3 mils deep; apparently most of weight loss
accounted for by general surface removal near ends

One 1-mil pit on end; remaining surfaces smooth
Edges smooth; both ends and one corner roughened

Figure
Number

34

0.058 Slight (jy mil) uniform roughening on all surfaces and three corners
Slight roughening, less than on T-203; all corners smooth
Slight roughening, less than on T-203; all corners smooth
Severe roughening; maximum surface height variation of 1 mil
Several T^-mil pits on edges, ends, and corners

All surfaces smooth

Slight roughening; maximum surface height variations of < 7* mil
Roughening similar to ZB-61; three corners rounded; no surface

film visible

0.060 All surfaces smooth; no surface film visible

0.056 All surfaces smooth

0.057 All surfaces smooth

0.057 All surfaces smooth

0.060 All surfaces smooth

0.059 All surfaces smooth

0.060 Slight roughening; two 3-mil pits near one end

0.058 All surfaces smooth

0.057 All surfaces smooth

0.057 Slight roughening over most surfaces; severe roughening on corners 35

0.055 Pitting on all surfaces; more severe near ends 36
0.060 Eight or ten pits; randomly distributed; up to 2 mils deep on edges

1076A 0.06 0.062 0.065 0.061

1409A 0.05 0.061 0.064 0.060

T-203 0.03 0.058 0.058 0.058

T-204 0.02 0.058 0.059 0.059

T-205 0.01 0.059 0.059 0.059

T-224 0.04 0.059 0.060 0.059

T-2 30 0.01 0.059 0.059 0.059

ZB-53 0.19 0.060 0.060 0.060

ZB-61 0.11 0.060 0.060 0.060

ZB-67 + 1.4 mg 0.061 0.061 0.060

ZB-59 h0.4 mg 0.060 0.060

69-1 0.22 0.053-0.054 0.055

69A-1 0.39 0.052 0.054-0.055

69-3 + 1.7 mg 0.054 0.056

21-2 0.27 0.060 0.060

21A-1 0.52 0.059 0.059

21-3 + 1.5 mg 0.060 0.061

27-2 0.16 0.056 0.057

27A-1 0.29 0.054 0.056

54A-1

42A-1

42A-2

0.74

+ 0.8 mg

0.058

0.057-0.058

0.060

0.059

0.058-0.059

0.061

"Based on total specimen area and defilmed weight change.

















Material and Specimen Number

Cleaned Relative Zr95-Nb95
Weight Activity,

when Counted 0.76-Mev Gamma

Cg) (counts min g )

Type 347 stainless steel

Control (W-215) 0.9688

Core-channel coupons

1240A 0.8788

1258A 0.8941

Core-annulus coupons

1248A 0.8456

1250A 0.7958

Core-wall specimens
A 0.4126

B 0.7712

C 0.5585

Zircaloy-2

Control OP-122) 0.7966

Core-channel coupons

ZB-11 0.5851

ZB-13 0.6248

ZB-16 0.7144

ZB-17 0.7520

Core-annulus coupons

ZB-27 0.5921

ZB-29 0.6255

Type 347 stainless steel

Control (W-217) 0.9489

Core-channel coupons
1071A 0.6744

1077A 0.7262

1079A 0.9206

1386A 0.8717

Core-annulus coupons
1388A 0.6475

1411A 0.8246

Core-wall specimens
A 0.3485

B 0.2880

C 0.3216

Zircaloy-2

Control (W-124) 0.7862

Core-channel coupons

ZB-51 0.7481

ZB-52 0.7477

ZB-54 0.7780

ZB-56 0.7882

ZB-62 0.7687

Core-annulus coupons

ZB-83 0.7677

ZB-57 0.7652

ZB-58 0.7694

ZB-84 0.7731

85% sponge Zr-15% Nb

Control (W-125) 0.8568

Core-annulus coupons

Array I, position 11 0.8477

67% crystal-bar Zr-33% Nb

Control (W-126) 0.9152

Core-annulus coupons

Array I, position 4 0.8800

Array II, position 14 0.8571

6.27

4.74

2.91

1.97

6.34

3.87

1.00

4.69

4.64

2.64

2.10

1.28

5.03

5.57

3.75

2.29

1.00

3.45

1.00

4.85

2.72

46

Table 17. Induced Zr -Nb and Cr Activity in Specimens

Relative Cr^1

Activity-

1.00

1.94

1.20

1.80

1.22

4.06

3.12

1.30

1.00

1.49

0.98

0.67

0.53

0.95

0.92

4.54

3.48

1.19

Exposure Time (hr)
for Specimens

Circulation Time Radiation Time

L-2.15

106.5

717

717

717

717

717

717

717

106.5

717

717

717

717

717

717

L-4-16

105.8

897

897

897

897

897

897

897

897

897

105.8

897

897

897

897

897

897

897

897

897

105.8

897

105.8

897

897

544

544

544

544

544

544

544

544

544

544

544

544

544

775

775

775

775

775

775

775

775

775

775

775

775

775

775

775

775

775

775

775

775

775

Cooling Time
Before

Analysis
(hr)

2496

2496

2496

2496

2496

2496

2496

2304

2928

2928

2928

2928

2928

2928

1440

1680

1680

1680

1680

1680

1680

1680

1680

1680

1584

1584

1584

1584

1584

1584

1584

1584

1584

1584

1464

1704

1464

1704

1704

Neutron Flux

Observed

(neutrons cm- sec- )

: 101

i.32

8.32

5.00

5.00

5.00

Neutron Flux

at 3 Mw

(Calculated)

(neutrons cm" sec

8.13

5.03

7.54

5.11

17.00

13.07

5.44

13.81

10.44

6.41

4.34

13.96

8.52

1.90

1.26

0.85

0.68

1.22

1.17

5.79

4.44

1.52

3.70

3.66

2.08

1.66

1.02

3.97

4.39

2.96

1.81

2.75

3.86

2.17

Distance

(in.)

0.88

3.13

1.10

3.10

-1.00

0.67

4.75

0.38

1.88

3.63

4.88

0.84

2.84

1.63

3.13

4.38

5.13

4.00

4.00

-1.00

0.68

4.75

0.38

0.63

2.63

3.63

5.63

0.46

0.46

2.21

3.71

2.96

1.21

3.71
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UNCLASSIFIED

ORNL-LR-DWG 75557

MATERIAL
CORE-CHANNEL

COUPON

CORE-ANNULUS
COUPON

CORE-WALL

SPECIMEN

347 SS • O X

ZIRCALOY-2 A A

67% CRYSTAL-BAR
Zr-337o Nb

D

85% SPONGE
Zr-15% Nb

0

I

L-2-15

x ~~*" -^«
A^X-A.

t "*""^*—-»^A
o

A,^_
-"«^-«)<

^^*"A-

^_ LEADING EDGE OF FIRST CORE COUPON

|

L-4-16

'ji^*-^.
^""""""""•i^*>«x

UX IN CORE ANNULUS—a42^ ^.Ll
/L

A^^_"—^.^D

FLUX

•

IN CORE C HANNEL"^

1 A"--

--— A

•

•

12 3 4

CORE POSITION ( in.)

Fig. 38. Neutron Flux in Core vs Linear Position.



10

10

12
10

(3
10

L-4-

L-4-

L-4-8
L-4-16
L-4-16 ,

GG"
FF

L-4-12

48

UNCLASSIFIED

ORNL- LR- DWG 7 5558

L-2-15

r /L -2-10 (ANNULUS)

L—° -10 (CHANNEL ^^^ ^"^'

<

cr

i

DD

»^/EE

^
f(?J^^""»^.

^^S^\^v^A/^

^^>^G*
^

— LEADING EDGE OF FIRS T CORE COUP 3N

<0

10

1 2 3

CORE POSITION (in.)

Fig. 39. Neutron Flux in Core vs Linear Position.

-4-16

L-4-11

L-4-16

L-4-13

EE

L-4-12
L-4-8

FF

DD



(xlO2)

28

26

; 24

• 22

49

\
\ L-2 -15

\ [ 2nd SOLUTION •

\
• * VALU S OBTAINED FROM BE TA SPECTROMETER ANALYSES;

GAMMA SPECTROMETER ~~
\ ALL OTHER VALUES ARE BY

Y
K"

\*i

*—-* — _ .A

^^A

-A—

10 12 14

LITR ENERGY (Mmhr)

20 (xlO )

137Fig. 40. Cumulative Average Fission Power at 3 Mw Based on Cs Analyses

8 (0 (2 14

ACCUMULATED LITR ENERGY (Mwhr)

Fig. 41. Fission in Loop Solutions vs Accumulated LITR Energy.
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technique. Comparisons between the two counting techniques, which were made with the L-2-15 samples,

showed that the gamma-counting results were consistently higher than the others by about 20%. The dif

ferences presumably resulted from differences in the fission standards employed. It is believed that the

gamma-ray spectrometer results are the most nearly correct.

4.8.3 Heat from Absorption of Fission and Gamma-Ray Energy

The results of measurements of combined fission and gamma heat at 3-Mw reactor power, as determined

from the difference between resistance-heater power requirements with the reactor down and at full power

are shown in Fig. 13. The average values are 2749 ± 27 and 890 i 17 w (90% confidence levels) for

L-2-15 and L-4-16. There were no significant drifts or shifts of the heat values during either experiment.

The heat due to absorption of reactor gamma-ray energy in HB-2 is known to be about 700 w,19 so that

the heat due to fissioning in the L-2-15 loop core was about 2050 w. Assuming that the gamma heat in

L-4-16 was approximately 200 w (i.e., assuming that in both HB-4 and HB-2 the gamma heat was propor

tional to the neutron flux), the heat due to fission in the L-4-16 core was about 700 w.

4.8.4 Comparison of Average Fission-Power Values from Cs , Gamma-Ray Heat, and Induced Activities

Values for the average fission power in the loop experiments at 3-Mw LITR power calculated from the

results of the different types of measurements are compared in Table 18. The average of the Cs137

results in L-2-15 is the average of the final (cumulative average) values obtained with the two solution

charges, as shown in Fig. 40. That for L-4-16 is the cumulative average for that experiment. The induced

activity calculations employed the neutron fluxes shown in Fig. 38 and the average uranium concentrations

listed in Table 10. A value of 200 Mev/fission was assumed throughout, and, for comparison here, the

values obtained from the fission-heat measurements were multiplied by the ratio 200/170, since an esti

mated 170 Mev of energy per fission is absorbed in the loop.

18
G. H. Jenks and J. E. Baker, In-Pile Loop Corrosion Experiments with Uranyl Sulfate Solutions at 235 and

250°C, ORNL-3131 (in press).
19G. H. Jenks and J. E. Baker, In-Pile Loop Investigation of Corrosion of Zircaloy-2 and Other Possible Reactor

Materials in 0.04 mUO2SO , at 280°C, ORNL-2962 (in press).

Table 18. Average Fission Power in Core of Experiment

Average Fission Power

Method of Determination in Core (w/ml)

L-2-15 L-4-16

Specimen activity 12.5 3.8

Fission and gamma heat 7.8a 2.6
137Cs analyses 6.9 2.3

Assumes 700-w gamma heat.

Assumes 200-w gamma heat.
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The fission-heat value is higher than the Cs137 value by 13% in each experiment, but this difference
is within the estimated uncertainty of some of the estimated heat values. There is poor agreement between

the fission heats calculated from the specimen activity measurements and the other values. This poor

agreement has been noted, and possible explanations have been discussed previously. The Cs

total power values are considered more reliable than those calculated from induced activities.

4.9 Results of Quantitative Examinations of Loops

4.9.1 Analyses of Scale from Low-Power-Density Regions

In an effort to determine the distribution of corrosion products throughout loop L-4-16, specimens of

scale were scraped from the metal at the rear of the core, from the special in-line holder, from the pres

surizer, and from the pump volute. These samples were analyzed for uranium and copper and for the cor

rosion products (chromium, nickel, iron, and zirconium). The results of these analyses are listed in Table

19. As shown, only small amounts of uranium were found in the samples, and the relative activities varied

considerably.

Although the number of scale samples was insufficient to accurately establish the average composition
of loop scales, a material balance for zirconium and nickel was made based on (1) the average results of
the scale analyses, (2) estimates made from the oxygen consumption data of the total amount of iron in

loop scales, (3) specimen weight results, and (4) solution analyses data.

The results, shown in Table 20, indicate that most of the zirconium which had been oxidized in the

core was transferred to and deposited on surfaces outside the core. This result was expected since

Zircaloy-2 surfaces exposed in the coreare generally free of heavy scale. Observations in subsequent

loop experiments and in the HRT have also shown that large fractions of the zirconium found in regions ex
posed to fissioning solutions are transported to regions relatively free of fissioning. The nickel results
indicate that appreciable amounts of this element are incorporated in the loop scales. Results of scale

20G. H. Jenks and J. H. Baker, HRP Radiation Corrosion Studies: In-Pile Loop L-2-17, ORNL-2974 (to be pub
lished).

Table 19. Chemical Analyses of Scale from Loop L-4-16

Weight of Analysis (wt %)
Relative Gross .

Position Samples

(mg)
Activity per mg U Cu Cr Ni Fe Zr

Rear of core 13.6 0.04 0.029 0 7.0 6.0 50.7 5.1

Special in-line holder 12.7 0.68 0.039 0 4.5 7.4 43.9 10.7

Pressurizer • 17.7 0.41 0.025 0.23 6.6 9.3 41.4 7.7

Pump volute 14.4 1 0.18 0 4.9 4.1 35.3 10.4

"These results are probably low because methods employed in dissolving scale may have led to volatilization
of chromium chlorides.
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analyses in subsequent experiments have confirmed this finding. Also, in L-2-15 and other experiments,

the difference between amounts of steel corrosion indicated by oxygen and dissolved-nickel data reveals

that nickel is retained in the scales. These nickel results show that the amount of dissolved nickel cannot

be used as an accurate measure of steel corrosion in these systems under irradiation.

4.9.2 Results of Specimen Weight Measurements

The results of weight measurement of specimens and other components are listed in Tables 21 and 22

together with other data, including average corrosion rate values calculated from weight data, solution

fission-power densities near specimens, and brief descriptions of specimens. The rate values based on

radiation time and total specimen areas are considered the most significant for the zirconium and tita

nium alloys, and these values are used in plots of the corrosion data. For stainless steel specimens, the

rates based on radiation time and exposed surface areas (i.e., excluding areas covered in clamping or by

adjacent specimens) have been considered the most nearly correct in treating data from past experiments

and are employed in plots of these steel data. Density values employed in rate calculations are listed in

Table 23.

(a) Zirconium Alloys. —The Zircaloy-2 and crystal-bar zirconium corrosion rate values are plotted vs

fission-power density in solutions in Fig. 42. The impact and tensile specimens were not cathodically

defilmed, and the plotted tate values were calculated from the "as-removed" weights. However, defilming

of coupon specimens resulted in very small weight changes, and it is likely that defilming would have had

negligible effects on the weight-change values. The in-line specimens exhibited weight gains even after

defilming. Hence no estimates of rates for these specimens could be made, but it is believed that they

corroded at very low rates.

Table 20. Experiment L-4-16 Material Balance of Scale Constituents

Mass Ratio ., „ • . . . r-> j- j a . Excess in Scale
Mass Ratio Amount Amount Oxidized Amount

n of Element ,,-, „.T • c- 1 • & t-. • c c-i over Amount CalculatedElement of Element to Iron in Solution During Exposure in Scale
to Iron • c • i c i i \ i \ i \ from Corrosion Datain Stainless Steel (g) (g) (g)

in Scale (g)

0.17

0.25

(0)

Stainless Steel Oxidized Based on Oxygen Data (g)

In-Pile Exposure Preparatory Operation Total

4.6 1.6 6.2

Based on average of analytical results in Table 19.
u

Sum of amounts found during preparatory and in-pile exposures.

The amount in solution plus the amount in scale minus the amount oxidized during exposure.

Based on specimen weight data.

Based on data for oxygen uptake on steel.

Zr 0.2

Ni 0.16

Fe (1)

0.02 0.75rf 0.91

0.187 0.39 0.78e 0.64

(1) 0.23 4.2e 4.0
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Initial

Weight Data

As Removed Defilmed Change
(g> («) (rag)

Sample
Number

Position

Average Flow
Velocity Across

Specimen

(fps)

24 Core corrosion-sample coupons

Stainless stee

1240-A

1241-A

1256-A

1257-A

, type 347
4

5

7

10

11.9

13.2

16.6

28.9

1258-A

1259-A

1260-A

1261-A

13

18

21

24

39.4

19.9

13.1

9.7

Zircaloy-2
ZB-1I 2 9.9

ZB-12 3 10.8

ZB-13 8 19.4

ZB-14 11 33.9

ZB-15 14 43.6

ZB-16 15 39.5

ZB-17 20 14.7

ZB-18 23 10.6

Titanium-53AX

Ti-131 1 9.2

Ti-132 6 14.6

Ti-133 9 23.0

Ti-134 12 36.3

Ti-135 16 29.4

Ti-136 17 23.7

Ti-137 19 16.9

Ti-138 22 11.7

0.9474 0.9294 0.9277 19.7

0.9697 0.9435 0.9416 28.1

0.9604 0.9450 0.9432 17.7

0.9645 0.9570 0.9553 9.2

0.9487 0.9450 0.9434 5.3
0.9509 0.9505 0.9492 1.7

0.9493 0.9491 0.9478 1.5

0.9620 0.9616 0.9606 1.4

0.7901 0.7692 0.7680 22.1

0.7880 0.7672 0.7662 21.8

0.7964 0.7800 0.7790 17.4

0.7964 0.7825 0.7812 15.2

0.7893 0.7778 0.7767 12.6

0.7892 0.7782 0.7772 12.0

0.7934 0.7847 0.7840 9.4

0.7941 0.7869 0.7856 8.5

0.5390 0.5384 0.5366 2.4

0.5385 0.5378 0.5365 2.0

0.5316 0.5310 0.5298 1.8

0.5363 0.5358 0.5345 1.8

0.5378 0.5370 0.5360 1.8

0.5350 0.5343 0.5333 1.7

0.5360 0.5354 0.5345 1.5

0.5349 0.5346 0.5329 2.0

14 Core-annulus coupon specimens

Nickel- and platinum-clad Zircaloy-2
ZV-1 1

Zircaloy-2
ZB-27

ZB-28

ZB-29

Stainless

1048-A

1249-A

1250-A 11

Titanium-llOAT

TD-21 4

TD-22 8

5

10

•1, type 347
3

6

1.6048

1.6115

0.7918

0.7943

0.7922

0.9703

0.9657

0.9515

0.5355

0.5378

1.4997 1.4815 123.3

1.5223 1.5119 99.6

0.7616 0.7611 30.7

0.7660 0.7657 28.6

0.7710 0.7695 22.7

0.8745

0.8796

0.5337

0.5373

0.8911 79.2

0.8673 98.4

0.8524 99.1

0.5330 2.5

0.5348 3.0

Table 21. Data for Corroiion Specimens in Loop L-2-15

Exposed
Sample Area

(cm2)

Corrosion

Penetration

(mils)

Corrosion Rate

(ExposedArea) Tood Afea

792 hr 544 hr

Corrosion Rate

(Total Area)

(mpy)

792 hr 544 hr

Distance from Front

of First Core-Channel ThermalNeutron Flux Power Density at
at Specimen Locations Specimen Locations Strain Stress
(neutrons cm-2sec-1) (w/ml) 0* Win.) (psi)

Specimen to Center
of Specimen

(in.)

Remarks on Surface Appearance

As-Removed Surface Defilmed Surface

1.40

1.40

1.40

1.40

1.40

1.40

1.57

1.40

1.40

1.40

1.40

1.40

1.40

1.40

1.40

1.57

1.40

1.40

1.40

1.40

1.40

1.40

1.40

1.4

1.4

1.4

1.4

1.4

0.69 7.6 11.1

0.99 10.9 15.9

0.62 6.8 10.0

0.32 3.5 5.1

0.19 2.1 3.1

0.06 0.7 1.0

0.05 0.6 0.8

0.04 0.4 0.6

0.96 10.6 15.4

0.94 10.4 15.1

0.75 8.3 12.0

0.66 7.3 10.6

0.55 6.1 8.8

0.52 5.7 8.4

0.41 4.5 6.6

0.37 4.1 3-9

0.13 1.4 2.1

0.12 1.3 1.9

0.11 1.2 1.8

0.11 1.2 1.8

0.11 1.2 1.8

0.11 1.2 1.8

0.09 1.0 1.4

0.12 1.3 1.9

1.33 14.7 21.4

1.24 13.7 19.9

0.98 10.8 15.7

2.78 30.7 44.6

3.45 38.1 55.4

3.47 38.3 55.7

0.15

0.19

0.44 4.9 7.1 0.9
0.63 6.9 10.1 1.1

0.39 4.3 6.3 1.6

0.20 2.2 3.2 2.4

0.12 1.3 1.9 3.1

0.04 0.4 0.6 4.4

0.03 0.3 0.5 5.1

0.03 0.3 0.5 5.9

0.61 6.7 9.8 0.4

0.60 6.6 9.6 0.6

0.48 5.3 7.7 1.9

0.42 4.6 6.7 2.6

0.35 3.9 5.6 3.4

0.33 3.6 5.3 3.6

0.26 2.9 4.2 4.9

0.24 2.6 3.8 5.6

0.09 1.0 1.4 0.1

0.08 0.9 1.3 1.4

0.07 0.8 1.1 2.1

0.07 0.8 1.1 2.9

0.07 0.8 1.1 3.9

0.07 0.8 1.1 4.1

0.06 0.7 1.0 4.6

0.08 0.9 1.3 5.4

4.0 0.9

4.0 4.3

2.2 0.85 9.4 13.6 1.2

2.2 0.79 8.7 12.7 1.9

2.2 0.62 6.8 10.0 3.2

2.2 1.77 19.5 28.4 1.4

2.2 2.20 24.3 35.3 2.2

2.2 2.21 24.4 35.5 3.4

2.2 0.10 1.1 1.6 1.7

2.2 0.12 1.3 1.9 2.7

1.28

1.20

1.04

0.86

0.71

0.51

0.42

0.35

1.44

1.35

0.98

0.80

0.66

0.62

0.45

0.37

1.52

1.11

0.92

0.76

0.58

0.55

0.48

0.39

1.24

0.52

1.18

0.96

0.69

1.10

0.92

0.65

1.03

0.79

16.6

15.6

13.5

11.2

9.2

6.6

18.7

17.5

12.7

10.4

8.6

8.1

5.9

19.8

14.4

12.0

9.9

7.5

7.2

6.2

5.1

16.1

6.8

15.3

12.5

9.0

14.3

12.0

8.5

13.4

10.3

Uniform dark-brown scale on all surfaces

Uniform dark-brown scale on all surfaces

Uniform dark-brown scale on all surfaces

Uniform dark-brown scale on all surfaces

Uniform dark-brown scale on all surfaces

Uniform dark-brown scale on all surfaces

Uniform dark-brown scale on all surfaces

Uniform dark-brown scale on all surfaces

Thin gray film with overyling interference
colors

Thin gray film with overlying interference

Thin gray film with overlying interference
colors

Thin gray film with overlying interference
colors

Thin gray film with overlying interference

Thin gray film with overlying interference
colors

Thin gray film with overlying interference
colors

Thin gray film with overlying interference
colors

Thin brass-colored film with machine

marks visible

Thin brass-colored film with machine

marks visible

Thin brass-colored film with machine

marks visible

Thin brass-colored film with machine

marks visible

Some spots of rustlike film over thin
brass-colored film

Some spots of rustlike film over thin
brass-colored film

Some spots of rustlike film over thin brass Clean; machine marks visibli
brass-colored film

Some spots of rustlike film over thin Clean; machine marks visibl<
brass-colored film

Clean; machine marks visible

Clean; machine marks visible

Some very thin film retained; machine marks visible
Some very thin film retained; slightly etched sur

faces

Some film retained; machine marks visible

Some very thin film retained; machine marks visible
Some very thin film retained; machine marks visible

Some very thin film retained; machine marks visible

Lightly etched surfaces; some very thin film re
tained

Lightly etched surfaces; some very thin film re-

Lightly etched surfaces; some very thin film re-

Lightly etched surfaces; some very rhin film re-

Lightly etched surfaces; some very thin film re-

Lightly etched surfaces; some very thin film re-

Lightly etched surfaces; some very thin film re
tained

Lightly etched surfaces; some very thin film re*
tained

Some stain retained; machine marks visible

Some stain retained; machine marks visible

Clean; machine marks visible

Clean; machine marks visible

Clean; machine marks visible

Clean; machine marks visible

Dull gray in color with plating breaking Same as "as-removed"
off in spots

Dull gray with a lightly etched appearance Somevery thin film retained; machine marks visible;
plating breaking off specimen

Thin gray film with overlying interference
colors

Thin gray film with overlying interference
colors

Thin gray film with overlying interference
colors

Uniform dark-brown scale on all surfaces

Uniform dark-brown scale on all surfaces

Uniform dark-brown scale on ail surfaces

Thin brass-colored film on all surfaces

Thin brass-colored film on all surfaces

Some very thin film retained on a lightly etched sur
face; machine marks visible

Some very thin film retained on a lightly etched sur
face; machine marks visible

Some very thin film retained on a lightly etched sur
face; machine marks visible

One edge of specimen very heavily attacked
All surfaces show evidence of very heavy attack
All surfaces show evidence of very heavy attack

Clean; some scratches visible

Clean; some scratches visible
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Table 21 (continued)

Sample
Average Flow

Velocity Across
Specimen

tips)

Inicial

Weight Data

As Removed Defilmed Change

(g) (g) (mg)

Corrosion Rate"

(ExposedArea) To[a] Af(.

<mPyJ (cm2)

Exposed Corrosion
Sample Area Penetration

(cm2) (mils)

Cor

Penetration

(mils)

Corrosion Rate" Distance from Front
(Total Area) of FirscCore-Channel Thermal Neutron Flux Power Density at

(mpy) Specimen to Center at Specimen Locations Specimen Lot
°f Specimen (neutrons cm-2 sec-1) (w/ml)

(in.)

Strain Stress'

(u in./in.) (psi)

Remarks on Surface Appearance

Platinum

Pt-18

Stainless steel, type 309SCb
C-76 9

2 Core tensile specimen

Crystal-bar zirconium
9IS-919 F

1014-1015 H

0.9030 0.9045 0.9035 + 0.5

0.8906 0.3910 0.8900 0.6

0.9653 0.9117 0.8967 68.6

0.9303 0.7665 ' 0.7297 200.6

15.3296 15.1917

15.3046 15.1400

137.9

1646

18.1

18.1

792 hr 544 ht 792 hr 544 hr

2.45 27.0 39.3 2.2 1.56 17.2 25.1

7.16 79.0 115.0 2.2 4.56 50.3 73.2

0.46

0.54

5.1

6.0

21.2 0.39 4.3 6.3

21.2 0.47 5.2 7.6

4 Core impact specimei

Zircaloy-2
895 A 19.0946 18.8706

898 C 18.9611 18.6842

Crystal-bar zirconium
906 D 18.9146 18.6302

909 E 18.8760 18.6195

ore stress specimens a d holders

Titanium-llOAT specimens
TD-8

TD-9

5.7621

5.6323

5.7510

5.6199

Titanium-55AX holders

40

43

6.5056

6.0413

6.4982

6.0378

224.0 24.9 0.54 6.0 8.7 26.7 0.50 5.5 8.1

276.9 24.9 0.67 7.4 10.8 26.7 0.63 7.0 10.1

284.4 24.9 0.69 7.6 11.1 26.7 0.64 7.1 10.3

256.5 24.9 0.62 6.9 10.0 26.7 0.58 6.4 9.3

5.7458

5.6127

6.4960

6.0341

16.3

19.6

19.5

19.5

24 In-line corrosion-sample coupons

Stainless steel, type 347
1361-A 4 11.9 0.9558 0.9598 0.9540 1.8 1.40

1364-A 5 13.2 0.9513 0.9558 0.9492 2.1 1.40

I365-A 7 16.6 0.9480 0.9525 0.9473 0.7 1.40

1367-A 10 28.9 0.9385 0.9436 0.9370 1.5 1.40
1369-A 13 39.4 0.9537 0.9581 0.9534 0.3 1.40

1371-A 18 19.9 0.9547 0.9584 0.9538 0.9 1.40

1376-A 21 13.1 0.9530 0.9555 0.9515 1.5 1.40

1378-A 24 9.7 0.9524 0.9551 0.9505 1.9 1.57

Zircaloy-2
ZB-19 2 9.9 0.7897 0.7924 0.7924 + 2.7 1.40
ZB-20 3 10.8 0.7976 0.8022 0.8022 + 4.6 1.40

ZB-21 8 19.4 0.7988 0.8047 0.8039 + 5.1 1.40
ZB-22 11 33.9 0.7861 0.7903 0.7898 + 3.7 1.40

ZB-23 14 43.6 0.7873 0.7906 0.7900 + 2.7 1.40
ZB-24 15 39.5 0.7892 0.7925 0.7922 + 3.0 1.40

ZB-25 20 14.7 0.7823 0.7848 0.7845 ' +2.2 1.40
ZB-26 23 10.6 0.7828 0.7849 0.7840 + 1.2 1.40

Titanium-55AX

Ti-140 1 9.2 0.5375 0.5404 0.5394 + 1.9 1-57

Ti-142 6 14.6 0.5396 0.5442 0.5432 + 3.6 1.40

Ti-143 9 23.0 0.5389 0.5440 0.5432 + 4.3 1.40
Ti-144 12 36.3 0.5343 0.5386 0.5343 + 0.0 1.40

Ti-146 16 29.4 0.5370 0.5409 0.5395 + 2.5 1.40
Ti-147 17 23.7 0.5424 0.5460 0.5450 + 2.6 1.40
Ti-I48 19 16.9 0.5356 0.5392 0.5376 + 2.0 1.40

Ti-149 22 11.7 0.5383 0.5410 0.5390 + 0.7 1.40

0.06

0.07

0.02

0.05

0.01

0.03

0.05

0.06

1.29 20.0 0.08 0.88 1.29
1.61 20.0 0.10 1.10 1.61

20.0 0.05 0.54 0.79
20.0 . 0.04 0.40 0.59

0.66 1.01 2.2

0.77 1.18 2.2

0.22 0.39 2.2

0.58 0.84 2.2

0.11 0.17 2.2

0.33 0.51 2.2

0.58 0.84 2.2

0.65 0.95 2.2

2.2

2.2

0.04 0.44 0.64

0.05 0.55 0.75

0.02 0.22 0.25

0.03 0.37 0.53
0.01 0.11 0.11

0.02 0.22 0.32

0.03 0.37 0.53
0.04 0.44 0.60

2.9

3.9

0.84

0.61

0.74

0.57

0.79

0.79

0.79

0.79

0.79

0.79

0.76

0.76

1.30

0.69

10.9

7.9

10.3

10.3

10.3

10.3

10.3

10.3

9.9

9.9

4450

4775

60,100
64,450

16.9

8.9

As-Removed Surface Defilmed Surface

Cleaa on one side; heavy rustlike stain on Clean; some scratches visible
the other

Some spots of stain scattered over clean Clean
surfaces

Uniform dark-brown scale on ail surfaces Considerable roughening, particularly alongedges;
some scale retained

Uniform dark-brown scale on all surfaces Very severe roughening, particularly alongedges;
some scale retained

Gray film on all surfaces; slightly
roughened

Gray film on all surfaces; slightly
roughened

Thin grayfilmwithoverlyinginterference Surfaceslightly toughened
colors

Thin gray film with overlying interference Surface slightly roughened

Uniform thin blackshinyfilm onall sur- Surface slightlyroughened
faces

Uniform thin blackshinyfilm onall sur- Surface slightlytoughened
faces

Thin brass-colored film on all surfaces

Thin brass-colored film on all surfaces

Thin brass-colored film on all surfaces
Thin brass-colored film on all surfaces

Uniform brown scale on all

Uniform brown scale on all

Uniform brown scale on all

Uniform brown scale on all

Uniform brown scale on all

Uniform brown scale on all

Uniform brown scale on all

Uniform brown scale on all

surfaces

surfaces

surfaces

surfaces

surfaces

Uniform brown scale on

Uniform brown scale on

Uniform brown scale on

Uniform brown scale on

Uniform brown scale on

Uniform brown scale on

Uniform brown scale on

Uniform brown scale

all surfaces

all surfaces

all surfaces

all surfaces

all surfaces

all surfaces

all surfaces

all surfaces

Some very thin film retained; machine marks visible
Some very thin film retained; machine marks visible

Clean; machine marks visible

Clean; machine marks visible

Clean with slight
Clean with slight
Clean with slight
Clean with slight
Clean with slight
Clean with slight
Clean with slight
Clean with slight

staining; machine marks visible
staining; machine marks visible
staining; machine marks visible
staining; machine marks visible
staining; machine marks visible
staining; machine marks visible
staining; machine marks visible
staining; machine marks visible

Uniform dark-brown scale over all surfaces

Uniform dark-brown scale on all exposed surface;
Uniform dark-brown scale over all surfaces

Uniform dark-brown scale over all surfaces

Uniform dark-brown scale over all surfaces
Uniform dark-brown scale over all surfaces
Uniform dark-brown scale over all surfaces

Uniform dark-brown scale over all surfaces

Uniform brown scale on all surfaces

Uniform brown scale on all surfaces
Uniform brown scale on all surfaces
Uniform brown scale nn all surfaces

Uniform brown scale on all surfaces

Uniform brown scale on all surfaces

Uniform brown scale on all surfaces

Uniform brown scale on all surfaces

Scale flaked off in

Scale flaked off in

Scale flaked off in

Scale flaked off in

machine marks vl

Scale flaked off in

Scale flaked off in

Scale flaked off in

Scale flaked off in

spots; dark film underneath
spots; dark film underneath
spots; dark film underneath
spots; dark film underneath;
sible

center; dark film underneath

center; dark film underneath

spots; dark film underneath

spots; dark film underneath
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Tabic 21 (continued)

Sample posirjoi
Number

Average Flow
Velocity Across

Specimen

(fps)

14 In-line annulus coupon specimens

Nickel- and platinum-clad ZircaIoy-2

ZV-3 1-F

Zitcaloy-2
ZB-30 2-F

ZB-81 5-F

ZB-S2 10-F

Stainless st

1252-A

1253-A

1254-A

eel, type 347
3-F

6-F

11-F

Titanium-IIOAT

TD-23 4-F

TD-24 8-F

Platinum

Pt-20

Pt-21

7-F

12-F

Initial

<8)

Weight Data

As Removed Defilmt

(8)

Change
(mg)

1.6083 1.5518 1.5492 59.1

1.6191 1.5536 1.5504 68.7

0.7882 0.7889 0.7887 +0.5

0.7966 0.7970 0.7970 +0.4

0.7949 0.7956 0.7953 +0.4

Exposed
Sample Area

(cm2)

2.8

1.4

Penetration

(mils)

(Exposed Area)
(mpy)

792 hr 544 hr

0.9538 0.9550 0.9525 1.3 1.4 0.05 0.50 0.73

0.9519 0.9528 0.9511 0.8 1.4 0.03 0.31 0.45

0.9606 0.9614 0.9591 1.5 1.4 0.06 0.58 0.84

0.5333 0.5342 0.5314 1.9 1.4 0.12 1.30 1.89

0.5563 0.5571 0.5549 1.4 1.4 0.09 0.96 1.39

0.7788 0.7786 0.7781 0.7 1.4 0.009 0.10 0.15

0.8433 0.8442 0.8428 0.5 1.4 0.007 0.07 0.11

0.9382 0.9396 0.9378 0.4 1.4 0.01 0.16 0.23

0.9190 0.9202 0.9176 1.4 1.4 0.05 0.55 0.80

Total Area

(cm2)

4.0

4.0

Corrosion

Peoea

(mils)

Corrosion Race"

(Total Area)

(ropy)

792 hr 544 hr

0.03 0.32 0.46

0.02 0.20 0.29

0.04 0.37 0.53

0.08 0.83 1.20

0.06 0.61 0.88

0.007 0.08 0.12

0.005 0.05 0.09

<0.01 0.10 0.15

0.03 0.35 0.51

Stainless steel, type 309SCb
C-78 9

C-79 13

1 In-line tensile specimen

Crystal-bar zirconium
1016-1017 A

3 In-line impact specimens

Zircaloy-2
896 E

Crystal-bar zirconium
907 C

910 D

In-line stress specimens and holders

Titanium-IIOAT specimens
TD-6 B

TD-7 B

Titanium-55AX holders

27

35

Tapered channel coupon holders (Zircaloy2)

Core (No. 107)

18.8564

18.8633

18.8902

18.8929

+ 33.8

+ 29.6

24.9

24.9

26.7

26.7

In-line (No. 18)

5.7914 5.8094 5.7876 3.8 19.5 0.02 0.22 0.32 20.0 0.02 0.22 0.32

5.5370 5.5491 5.5337 3.3 19.5 0.02 0.22 0.32 20.0 0.02 0.22 0.32

6.1065 6.1156 ' 6.1049 1.6

6.1940 6.2054 6.1938 0.2

95.9863 96.1417 96.1198 +133.5

Distance from Front

of First Core-Channel

Specimen to Center
of Specimen

(in.)

"Two corrosion rates are presented: one based on the total operation time of 792 hr and the other based on the total radiation time of 544 hr (3 Mwhrof time equivalent to I hr of total radiation time).

Thermal Neutron Flux

at Specimen Locations
(neutrons era" sec )

Power Density at
Specimen Locations

(w/ml)

Strain Stress

(p in./in.) (psi)

Remarks on Surface Appearance

As-Removed Surface

Uniform brown scale on all surfaces

Uniform brown scale on all surfaces

Uniform brown scale on all surfaces

Uniform brown scale on all surfaces

Uniform brown scale on all surfaces

Uniform brown scale on all surfaces

Uniform brown scale on all surfaces

Uniform brown scale on all surfaces

Uniform brown scale on all surfaces

Uniform brown scale on all surfaces

Uniform brown scale on all surfaces

Uniform brown scale on all surfaces

Uniform brown scale over all surfaces

Uniform brown scale over all surfaces

Uniform brown scale on ail surfaces

Uniform brown scale on all surfaces

Uniform brown scale on ail surfaces

Uniform brown scale on all surfaces

Defilmed Surface

Light gray surfaces, with plating breaking free from
specimen

Thin gray scale over all surfaces flaked off in
places

Thin gray scale over all surfaces flaked off in
places

Thin brown scale over all surfaces flaked off in

places

Clean, with slight staining; machine marks visible
Clean, with dark staining; machine marks visible
Heavy dark staining; machine marks visible

Dark stain on all surfaces; machine marks visible
Dark stain on all surfaces; machine marks visible

Clean; some scratches visible
Clean; some spots of stain retained

Heavily stained surfaces; machine marks visible
Heavily stained surfaces; machine marks visible

4450 60,100 Uniform dark-brown scale on all surfaces Some very thin film retained; machine marks visible
4280 57,800 Uniform dark-brown scale on all surfaces Some very thin film retained; machine marks visible

Uniform dark-brown scale on all surfaces Clean; machine marks visible
Uniform dark-brown scale on all surfaces Clean; machine marks visible

White metallic appearance on inlet end
ranging to a light brown on outlet end;
etched appearance

White metallic appearance on inlet end
ranging to a light brown on outlet end;
etched appearance

Heavy brown film on inlet end ranging to i
thin brown film on other end; black
underlay

Heavy brown film on Inlet end ranging to a
thin brown film on other end; black
underlay

Clean; interference colors ranging from light rose t
light blue; slightly etched appearance

Very thin brown scale on the outside; inside a gray
scale or film with a dark ac; oarance on both ends



Sample
Number

Core coupons

Stainless steel, type 347
1069-A 4

1070-A 5

1071-A 7

1076-A 10

1077-A 13

1079-A 18

1386-A 21

1387-A 24

Zircaloy-2

ZB-51 2

ZB-52 3

ZB-53 8

ZB-54 11

7B-55 14

ZB-56 15

ZB-61 20

ZB-62 23

Titaniura-55AX

Ti-203 1

Ti-204 6

Ti-205 9

Ti-213 12

Ti-214 16

Ti-215 17

Ti-216 19

Ti-219 22

Cote-annulus coupons

Stainless steel, type 347
1388-A 15(1)

1411-A

Average

low Velocity

Specimer

<fp»)

12.2

13.4

16.9

29.5

40.1

20.2

13.2

9.9

10.2

11.1

19.7

34.5

44.4

40.3

14.9

9.4

14.9

23.3

37.1

30.0

24.2

18.1

11.9

Zitcaloy-2
ZB-83

ZB-57

ZB-58

ZB-84

8551 sponge Zr.
2

21-1

85/5 sponge Zt,
21A-1

15(2)

1(1)
1(2)

8(2)

14(1)

1555 Nb*
2(2)

11(1)

1555 Nb'

3(2)

Zt, 1555 Nb, 251 Pd*
4(2)

12(1)

Zt, 155!Nb, 25!Pd"
5(2)

Zt, 5% Pd4
10(1)
10(2)

Zt, 3355 Nb*
4(1)

14(2)

Zr, 33)5 Nb"

5(1)

Zr, 1555 Nb,5S Pr6
2(1)

13(2)

Zt, 1555 Nb, 551 Ptc
3(1)

83/5 crystal-bat
27A-1

9575crysral-bar
30-1

2

67%crystal-bar
42-1

2

6751 crystal-bat

42A-1

8055 crystal-bat

53-1

2

8055crystal-bar
53A-1

Initial As Removed Defilmed Change
(g) (g) («) <«8>

Exposed
Sample Area

(era2)

0.9665 0.9600 0.9600 -6.5 1.4

0.9600 0.9549 0.9548 -5.2 1.4

0.9742 0.9701 0.9701 -4.1 1.4

0.9699 0.9671 0.9671 -2.8 1.4

0.9621 0.9611 0.9611 -1.0 1.4

0.9743 0.9742 0.9736 -0.7 1.4

0.9676 0.9678 0.9670 -0.6 1.4

0.9574 0.9577 0.9566 -0.8 1.5?

0.7937 0.7844 0.7844 -9.3 1.4

0.7848 0.7756 0.7756 -9.2 1.4

0.7891 0.7822 0.7822 -6.9 1.4

0.7915 0.7856 0.7856 -5.9 1.4

0.7910 0.7859 0.7859 -5.1 1.4

0.7988 0.7938 0.7938 -5.0 1.4

0.7963 0.7924 0.7922 -4.1 1.4

0.7918 0.7881 0.7880 -3.8 1.4

0.5416 0.5411 0.5409 -0.7 1.57

0.5348 0.5344 0.5344 -0.4 1.4

0.5412 0.5410 0.5410 -0.2 1.4

0.5416 0.5416 0.5408 -0.8 1.4

0.5418 0.5418 0.5411 -0.7 1.4

0.5413 0.5415 0.5405 -0.8 1.4

0.5373 0.5375 0.5371 -0.2 1.4

0.5304 0.5303 0.5303 -0.1 1.4

0.9619 0.9617 0.9613 -0.6 1.4

0.9652 0.9651 0.9648 -0.4 1.4

0.7925 0.7801 0.7790 -13.5 1.4

0.7889 0.7740 0.7740 -14.9 1.4

0.7900 0.7797 0.7792 -10.8 1.4

0.7858 0.7802 0.7785 -7.3 1.4

0.8396 0.8292 0.8292 -10.4 1.4

0.8774 0.8727 • 0.8719 -5.5 1.4

0.8480

0.8578

0.8015

0.7726

0.9333

0.8912

0.8852

0.8979

0.8419

0.8554

0.7949

0.7652

0.9228

0.8837

0.8791

0.8946

0.8419

0.8552

0.7938

0.7643

0.9217

0.8837

0.8784

0.8939

-6.1

-2.6

-11.6

-7.5

Corrosion Rare0

(Exposed Area) ToBj Mel
<mPr> (cm2)

1032 hr 775 hr

0.23 1.93 2.57

0.18 1.54 2.06

0.14 1.22 1.62

0.10 0.83 1.11

0.04 0.30 0.40

0.02 0.21 0.28

0.02 0.18 0.24

0.03 0.21 0.28

0.40 3.41 4.54

0.40 3.37 4.49

0.30 2.53 3.36

0.26 2.16 2.88

0.22 1.87 2.49

0.21 1.83 2.44

0.18 1.50 2.00

0.16 1.39 1.85

0.04 0.33 0.44

0.02 0.21 0.28

0.01 0.10 0.14

0.05 0.42 0.56

0.04 0.37 0.49

0.05 0.42 0.56

0.01 0.10 0.14

<0.01 0.05 0.07

0.02 0.18 0.24

0.01 0.12 0.16

0.58 4.94 6.58

0.64 5.45 7.26

0.46 3.95 5.26

0.31 2.67 3.56

0.43 3.63 4.84

0.23 1.92 2.56

0.25

0.11

0.32

0.34

0.45

0.29

0.25

0.15

2.10

0.90

2.70

2.91

3.85

2.49

2.14

1.26

2.79

1.19

3.60

3.88

5.12

3.31

2.85

1.68

Tabic 22. Data forCorrosionSpecimen* in Loop L-4-16

Corrosion

Penetration

(mils)

Corrosion Rate"

(Total Area)

(mpy)

1032 hr 775 hr

Distance from Front

of First Core-Channel Thermal Neutron Flux

Specimen to Center at Specimen Locations
of Specimen (neutrons cm- sec- )

(in.)

0.15 1.23 1.64

0.11 0.98 1.31

0.09 0.78 1.03

0.06 0.53 0.71

0.03 0.19 0.25

0.01 0.13 0.18

0.01 0.11 0.15

0.02 0.15 0.20

0.26 2.17 2.89

0.25 2.14 2.86

0.19 1.61 2.14

0.16 1.37 1.83

0.14 1.19 1.58

0.14 1.16 1.55

0.11 0.95 1.27

0.10 0.88 1.18

0.03 0.24 0.31

0.02 0.13 0.18

0.01 0.06 0.09

0.03 0.27 0.36

0.03 0.24 0.31

0.03 0.27 0.36

0.01 0.06 0.09

<0.01 0.03 0.05

0.01 0.11 0.15

<0.01 0.08 0.10

0.37 3.14 4.19

0.41 3-47 4.62

0.30 2.51 3.35

0.20 1.70 2.27

0.27 2.31 3.08

0.14 1.22 1.63

1.1

1.6

0.6

1.9

2.6

3.4

3.6

4.9
5.6

1.4

2.1

2.9

3.9

4.1

4.6

3.9

3.9

0.16 1.34 1.78 1.2

0.07 0.57 0.76 3.2

0.29 2.42 3.21 1.4

0.20 1.72 2.29 2.7

0.22 1.85 2.47 2.7

0.29 2.45 3.26 1.2

0.19 1.58 2.11 3.7

0.16

0.09

1.36

0.80

1.81

1.06 3.4

0.9

12
x 10

3.35

3.14

2.77

2.30

1.90

1.40

1.15

0.95

3.55

2.6

2.15

1.78

1.53

1.22

4.05

2.94

2.44

2.02

1.58

1.48

1.32

1.08

1.89

1.89

4.20

4.20

2.80

1.99

3.95

2.35

3.50

2.21

3.50

1.99

3.95

2.10

Power Density at
Specimen Locations

(w/ml)
As-Removed Surface

4.1

3.6

3.0

1.5

1.3

4.7

3.4

1.6

1.3

5.3

3.9

3.2

5.5

3.7

2.6

3.1

4.9

4.6

3.3

3-3

4.6

2.6

Dark rustlike film on all surfaces

Dark rustlike film on all surfaces

Dark rustlike film on all surfaces

Dark rustlike film on all surfaces

Dark rustlike film on all surfaces

Heavy dark rustlike film on all surfaces
Heavy dark rustlike film on all surfaces
Heavy dark rustlike film on all surfaces

-gray film
c-gray film
-gray film
-gray film
-gray film

:-gray film
-gray film
-gray film

Thin dark'

Thin dark-

Thin dark'

Thin dark-

Thin dark'

Thin dark'

Thin dark-

Thin dark-

Thi

roughened surface
roughened surface
roughened surface
roughened surface
roughened surface
roughened surface
roughened surface
roughened surface

with slightly
with slightly
with slightly
with slightly
with slightly
with slightly
with slightly
with slightly

brass-colored film on all

Thin brass-colored film on all

Thin brass-colored film on all

Thin brass-colored film on all

Thin brass-colored film on all

Thin brass-colored film on all

Thin brass-colored film on all

Thin brass-colored film on all

surfaces

surfaces

surfaces

surfaces

surfaces

surfaces

surfaces

Dark rustlike film on all surfaces

Dark rustlike film on all surfaces

Thin dark-gray film with slightly roughened surface
Thin dark-gray film with slightly roughened surface
Thin dark-gray film with slightly roughened surface
Thin dark-gray film with slightly roughened surface

Thin dark scale on all surfaces

Dark scale with overlying interference colors

Rust-colored scale over all surfaces

Thin dark scale on all surfaces

Dark scale over all surfaces, flaked in spots

Thin black scale on all surfaces

Black scale over all surfaces, flaked in spots
Black scale over all surfaces, flaked in spots

Dark gray scale with overlying interference colors
Uniform rust-colored scale on all surfaces

Dark scale with overlying interference colors

Black shiny scale flaked off in spots
Black shiny scale over all surfaces
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Remarks on Surface Appearance

Defilmed Surface

Some stain retained; machine marks visible
Some stain retained; machine marks visible
Some stain retained; machine marks visible

Some stain retained; machine marks visible

Some stain retained; machine marks visible

A few spots of scale retained; machine marks visible
A few spots of scale retained; machine marks visible
A few spots of scale retained; machine marks visible

Etched surface; some film retained
Etched surface; some film retained
Lightly etched surface; some film retained
Lightly etched surface; some film retained
Lightly etched surface; some film retained
Lightly etched surface; some film retained
Lightly etched surface; some film retained
Lightly etched surface; some film retained

Some stain retained;

Some stain retained;

Some stain retained;
Some stain retained;

Some stain retained;

Some stain retained;
Some stain retained;

Some stain retained;

marks visible

marks visible

marks visible

marks visible

marks visible

marks visible

marks visible

marks visible

machine

machine

machine

machine

machine

machine

machine

Some stain retained; machine marks visible

Some stain retained on all surfaces

Some very thin film retained
Some film retained on edges; specimen heavily etched
Some film retained specimen heavily etched
Some very thin film retained; specimen heavily etched

Thin dark film retained in spots
Thin dark film retained; machine marks visible

Thin dark film retained in spots

Thin dark film retained in spots
Some spots of scale retained on all surfaces

Thin dark film •d in spots; machine marks visible

Thin dark film retained; grain pattern of alloy is visible
Thin dark film retained; grain pattern of alloy is visible

Some scale retained in spots on all surfaces; machine marks visible
Some scale retained in spots on all surfaces; machine marks visible

Some spots of dark scale retained; machine marks visible

Some scale retained on all surfaces; machine marks visible

Some scale retained on all surfaces

Some scale retained in spots on ail surfaces; machine marks visible
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Table 22 (continued)

Sample
Flow Velocity Weight Data

Corrosion Rate" Corrosion Rate" Distance from Front
- .. . Exposed Corrosion (Exposed Area) Tnr. . Corrosion (Total Area) ofFirst Core-Channel

M„mh« Posmon Across Initial AsRemoved Defilracd Change Sample Area Penetration , . 1°"1 ™ Penetration , . Specimen to Center
•=""T (g) (g) (g) (mg) (cm2) (mils) LH1 (cm > (mils) . ™ 0fSpecimenSpecimen

(fps)

Titanium-55 AX

Ti-230 12 37.1

Ti-232 16 30.0

Ti-233 17 24.2

Ti-235 19 IS. I

Ti-236 22 11.9

In-line annulus coupons

Stainless steel, type 347
I4I2-A 15

Zxtcaloy-2

ZB-59 1

ZB-60 14

85% sponge Zr, 15%Nb*
21-3 4

85?. sponge Zr, 15% Nbc
21A-2 5

83% crystal-bar Zr, 15% Nb, 2% Pd*
27-3 6

95% crystal-bar Zr, 5% Pd*
30-3 12

67% crystal-barZr, 33% Nb6
42-3 9

67% crystal-bar Zr, 33%Nbc
42A-2 10

80% crystal-barZr, 15% Nb, 5% Pt6
53-3 8

83% crystal-bar Zr, 15% Nb, 2% Pt*
54-3 7

95% crystal-barZr, 5% Pt*
55-3 13

85%crystal-bar Zr, 15% Nb*
69-3 2

85% crystal-bar Zr, 15% Nbc
69A-3 3

75% crystal-barZr, 20% Nb, 5%Pd*
64-3 II

In-line impact specimens

Titanium-110ATC

923 E

ZircaIoy-2*
Zr-2 Line C

85% crystal-barZr, 15% Nb6
Zr-71 F

In-line tensile specimens

Titanium-110AT*1,

0.5388 0.5413 0.5386 -0.2

0.5382 0.5409 0.5378 -0.4

0.5325 0.5347 0.5321 -0.4

0.5409 0.5429 0.5406 -0.3
0.5420 0.5440 0.5418 -0.2

0.7909 0.7913 0.7913 + 0.4 1.

0.7815 0.7825 0.7817 + 0.2 1.

0.8586 0.8601 0.8601 + 1.5 1.

0.8668 0.8686 0.8682 + 1.4 I.

0.8620 0.8636 0.8630 + 1.0 1.

0.7788 0.7837 0.7825 + 3.7 1."

0.9180 0.9190 0.9190 + 1.0 1.4

0.9245 0.9267 0.9253 + 0.8 1.4

0.8964 0.8997 0.8966 + 0.2 1.4

0.9008 0.9031 0.9019 + 1.1 1.4

0.8245 0.8263 0.8255 + 1.0 1.4

0.7867 0.7885 0.7881 + 1.4 1.4

0.7378 0.7397 0.7395 + 1.7 1.4

0.9153 0.9167 0.9156 + 0.3 1.4

13.1281 13.1351 + 7.0 24.9

19.0765 19-1020 + 25.5 24.9

19-2662 19.2927 + 26.5 24.9

In-line tapered channel coupon holder (type 347 stainless steel)
A 113.8130

B 113-3262

1032 hr 775 hr

0.01 0.10 0.14

0.02 0.21 0.28

0.02 0.21 0.28

0.02 0.16 0.21

0.01 0.10 0.14

26.7

26.7

26.7

90.0

90.0

1032 hr 775 hr

0.01 0.06 0.09

0.02 0.13 0.18

0.02 0.13 0.18

0.01 0.10 0.13

0.01 0.06 0.09

(in.)

Two corrosion rates are presented: one based on the total operation time of 1032 hr and the other based on the total radiation t
*HeId at 900°C for3hr,water-quenched.
cHeld at 900°Cfor 3 hr, water-quenched; held 600°Cfor 48 or, air-cooled.

Commercial anneal.

"Held at 650 QC for 30 rain.
'Heldat 900°C for3hr,water-quenched; held600°C for3hr,water-quenched.

e of 775hr (3 Mwhr of reactor time equivalent to 1 hr of total radiation time).

Thermal Neutron Flux Power Density at
at Specimen Locations Specimen Locations
(neutrons cm~z sec ) (w/ml) As-Removed Surface

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces

Uniform dark rustlike scale over all surfaces

Uniform dark rustlike scale over all surfaces

Uniform dark rustlike scale over all surfaces

Uniform dark rustlike scale over all surfaces

Dark-brown film over all surfaces

Dark-brown film over all surfaces

Remarks on Surface Appearance

Defilmed Surface

Thin film with interference colors on all surfaces; machine marks visible
Thin film with interference colors on all surfaces; machine marks visible
Thin film with interference colors on all surfaces; machine marks visible
Thin film with interference colors on all surfaces; machine marks visible
Thin film with interference colors on all surfaces; machine marks visible

Some stain retained on all surfaces; machine marks visible

Uniform thin dark scale retained on all surfaces

Uniform thin dark scale retained on all surfaces

Uniform thin dark scale retained on all surfaces

Uniform chin dark scale retained on all surfaces

Uniform thin dark scale retained on all surfaces

Uniform thin dark scale retained on all surfaces

Uniform thin dark scale retained on all surfaces

Uniform thin dark scale retained on all surfaces

Uniform thin dark scale retained on all surfaces

Uniform thin dark scale retained on all surfaces

Uniform thin dark scale retained on all surfaces

Uniform thin dark scale retained on all surfaces

Uniform thin dark scale retained on all surfaces

Uniform thin dark scale retained on all surfaces
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Tabic 22 (continued)

Sample
Number

Average
Flow Velocity

Across

Specimen

(fps)

Weight Data Exposed Conosic
Corrosion Rai

" ,JFU8ra *-Orrosion ,p , .
Initial AsRemoved Defilmed Chanee Sample Area Penetration taxPosed ****> Total Area

<S> (g) (g) (mJ (cm2) {nlils) fmPy) (cm2)
1032 hr 775 hr

Corrosion

Penetration

(mils)

Corrosion Rate"
(Total Area)

(mpy)

1032 hr 775 hr

Distance from Front
of First Core-Channel

Specimen to Center
of Specimen

(In.)

0.8834

0.8956
0.8831

0.8953

-6.5

-3.6
0.26

0.14

2.18

1.21

2.90

1.61
0.16

0.09
1.39

0.77

1.85

1.02

837. crystal-bar Zr, 15% Nb, 2% Pt"
2 6(2)

54-1 1X1)

83JScrystal-bar Zr, 1555Nb, 2%Ptc
54A-1 7(2)

9555 crystal-bar Zr, 5?!Pt6
55-1 8(1)

55-2 12(2)

85?!crystal-barZr, 15?! Nb*
69-1 6(1)

2 11(2)

85!! crystal-bar Zr, 15?! Nbe
69A-1 7(1)

75?! crystal-bar Zr, 20?! Nb,5?!Pd*
64-1 9(1)

2 9(2)

Core-impact specimens

Titanium-110AT''
922 F

Titanium-55A X

929 G

Zircaloy-2*
ZR-2 core D

85?!crystal-barZr, 15?!Nb6
ZR-70 H

85?S crystal-barZr, 15% Nt/
ZR-72A C

Core tensile specimens

Titanium-110ATd
110 AT core B

Core-tapered channel holder (type 347

0.8082

0.8127

0.8011

0.8056
0.8006

0.8050

-7.6

-7.7

1.4

1.4

0.29

0.29

2.50

2.53

3.32

3.36

2.2

2.2

0.19

0.19
1.59

1.61

2.11

2.14

2.2

3.2

0.7714

0.7901

0.7640

0.7850
0.7629
0.7846

-8.5

-5.5

1.4

1.4

0.35

0.23

2.97

1.92

3.96

2.56

2.2

2.2

0.22

0.14

1.89

1.22

2.52

1.63
1.7

2.9

0.7718 0.7580 0.7569 -14.9 1.4 0.61 5.21 6.94 2.2 0.39 3.31 4.42 1.9

0.9027

0.9148
0.8962

0.9094
0.8958

0.9087
-6.9

-6.1

1.4

1.4

0.27

0.24

2.28

2.02

3.04

2.69

2.2

2.2

0.17

0.15

1.45

1.28

1.93

1.71

2.4

2.4

13.0980 13.0858 12.2 24.9 0.04 0.34 0.45 26.7 0.04 0.34 0.45 2.3

13.0006 12.9846 16.0 24.9 0.06 0.51 0.68 26.7 0.05 0.42 0.57 2.3

19.1052 18.9389 166.3 24.9 0.40 3.4 4.5 26.7 0.38 3.2 4.3- 2.3

19.7425 19.5731 169.4 24.9 0.40 3.4 4.5 26.7 0.37 3.1 4.2 2.3

19.5655 19.3783 187.2 24.9 0.43 3.6 4.9 26.7 0.40 3.4 4.5 2.3

10.7425

stainless steel)

10.7357 6.8 18.1 0.03 0.25 0.34 21.2 0.03 0.25 0.34 2.3

97.9859 97.8397 97.8312 154.7
90.0

90.0 0.08 0.70 0.94
3.0

3.0

In-line coupons

Stainless steel type 347
1389-A 4 12.2

1390-A 5 13.4

1391-A 7 16.9

1408-A 10 29.5

1409-A 13 40.1

1414-A 18 20.2

1418-A 21 13.2

14I9-A 24 9.9

Zircaloy-2
ZB-63 2 10.2

ZB-64 3 11.1

ZB-65 8 19.7

ZB-66 11 34.5

ZB-67 14 44.4

ZB-68 15 40.3

ZB-69 20 14.9

ZB-70 23 10.8

Titanium-55AX

Ti-224 1 9.4

Ti-225 6 14.9
Ti-226 9 23.3

0.9715 0.9734 0.9706 -0.9
0.9628 0.9656 0.9623 -0.5
0.9695 0.9720 0.9683 -1.2
0.9686 0.9711 0.9671 -1.5
0.9641 0.9666 0.9622 -1.9
0.9686 0.9702 0.9675 -1.1
0.9628 0.9636 0.9610 -1.8
0.9437 0.9451 0.9423 -1.4 1.57

0.7976 0.8000 0.7988 + 1.2
0.7978 0.8012 0.7992 + 1.4
0.7876 0.7904 0.7897 + 2.1
0.7902 0.7929 0.7917 + 1.5
0.7956 0.7982 0.7970 + 1.4
0.7929 0.7962 0.7950 + 2.1
0.7833 0.7850 0.7841 i-fl.8
0.7993 0.8021 0.8007 + 1.4 1.4

0.5339 0.5358 0.5340 + 0.1
0.5393 0.5422 0.5388 -0.5

0,02 0.15 0.20

0.04 0.36 0.48

0.05 0.45 0.60
0.06 0.57 0.76
0.03 0.33 0.44
0.05 0.54 0.72

0.04 0.37 0.49

0.02 0.17 0.23
0.02 0.09 0.13
0.03 0.23 0.31
0.04 0.29 0.39
0.05 0.37 0.49
0.03 0.21 0.28

0.05 0.34 0.46
0.03 0.26 0.35

0.04 0.36 0.48

0.02 0.19 0.25

Thermal Neutron Flux Power Density at
at SpecimenLocations SpecimenLocations
(neutrons cm-2sec-1) (w/ml) As-Removed Surface

Remarks onSurface Appearance

Defilmed Surface

3.11

2.10

2.80

2.21

3.11

2.35

2.67

2.67

2.71

2.71

2.71

2.71

2.71

2.71

2.31

2.31

4.1

2.8

3.7

2.9

3.5

3.5

3.5

3.5

3.5

Heavy black scale on all surfaces
Black scale flaked offin spots

Heavy black scale on all surfaces

Uniform black scale over all surfaces
Uniform black scale over all surfaces

Gray-to-brown scale on all surfaces
Black scale on allsurfaces, flaked off inspots

Uniform dark scalewith overlying interference colors

Uniformblack scale over all surfaces
Uniform black scale over all surfaces

Some scale retainedin spots

Some scale retained on all surfaces

Spotsof black scale retained on all surfaces
Spotsof blackscale retainedonall surfaces

Spots of dark scale retained; machine marks visible
Spots of dark scale retained

Spots of dark scale retained

Some spots of glossy black scale retained
Some spots of glossy black scale retained

Thin brass-colored film on allsurfaces; machine marks visible

Thin brass-colored film on all surfaces; machine marks visible

Thin dark-gray film on all surfaces

Dark-gray film with overlying interference colors

Dark-gray filmwithoverlying interference colors

Thin brass-colored film on allsurfaces; some machine marks visible

Front end deep blue ranging along holder to ametallic bronze, with
a heavy fzlm ofdeep.rose; purple interference colors; machine
marks visible

Purple-to-rose interference colors; scattered spots ofscale

brown rustlike

brown rustlike

brown rustlike

brown rustlike

brown rustlike
brown rustlike

brown rustlike

brown rustlike

scale on all surfaces
scale on all surfaces
scale on all surfaces

all surfaces

all surfaces

all surfaces
all surfaces

Uniform

Uniform

Uniform

Uniform

Uniform

Uniform

Uniform

Uniform

scale

scale

scale

scale

scale on all surfaces

rustlike scale

rustlike scale on

istlike scale on

rustlike scale on

rustlike scale on

rustlike scale on
rustlike scale

rustlike scale

Uniform brown

Uniform brown

Uniform brown

Uniform brown

Uniform brown
Uniform brown
Uniform brown

Uniform brown

all surfaces

all surfaces

all surfaces

all surfaces

all surfaces

all surfaces

all surfaces

all surfaces

Uniform brown rustlike scale on all surfaces

Uniform brown rustlike scale on all surfaces
Uniform brown rustlike scale onall surfaces

Some stain retained; machine marks visible on all surfaces
Some stainretained; machine marks visible onall surfaces
Some stain retained; machine marks visible onall surfaces
Some stainretained; machine marks visible onall surfaces
Some stain retained; machine marks visible onall surfaces
Some stain retained

Some stain and small spots ofscale retained; machine marks visible
Somestain retained; machine marks visible

Some scale

Some scale

Some scale

Some scale

Some scale

Some scale

Some scale

Some scale

flaked off

flaked off

flaked off

flaked off

flaked off

flaked off

flaked off

flaked off

; dark film

! dark film

; dark film

: dark film

dark film

dark film

dark film

dark film

in spots
in spots;
in spots;
in spots;
in spots;
in spots;
in spots;
in spots;

visible

visible in

visible in

visible in

visible in

visible in

visible in

visible in

these areas

these areas

these areas

these areas

these areas

these areas

these areas

these areas

Some small spots of scale retained;
surfaces; machine marks visible

Some scale flaked off inspots; black film visible inthese areas
Flakes ofscale retained on allsurfaces; black film visible inthese

interference colors on all
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Table 23. Corrosion Penetration Factors

Density (g/cc)
Factor

[(mg of material) cm" (mil penetration)- ]

Stainless steel, type 347

Zircaloy-2

Ti-llOAT

Ti-55AX

85% Zr, 15% Nb

83% Zr, 15% Nb, 2% Pd

95% Zr, 5% Pd

67% Zr, 33% Nb

80% Zr, 15% Nb, 5% Pt

83% Zr, 15% Nb, 2% Pt

95% Zr, 5% Pt

75% Zr, 20% Nb, 5% Pd

8.02

6.50

4.46

4.54

6.81

6.92

6.78

7.18

7.56

7.11

7.25

7.19

20.37

16.51

11.33

11.53

17.30

17.58

17.22

18.24

19.20

18.06

18.41

18.26

CORE SPECIMENS

EXPERIMENT
CHANNEL ANNULUS IMPACT TENSILE

COUPONS COUPONS SPECIMENS SPECIMENS

L-2-15 • O 0 X

L-4-16 • D A

10 12

POWER DENSITY (w/ml

Fig. 42. Zircaloy-2 Core Specimen Corrosion Rates vs Solution Fission-Power Density.
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The rate values for Zr-Nb alloys located in the cote annulus of L-4-16 are plotted and compared with

similarly located Zircaloy-2 specimens in Fig. 43. In connection with this comparison, it should be noted

that the surface preparations employed with the Zr-Nb coupons differed from those for the Zircaloy-2

(Table 3a). The latter were machined, while the former were chemically polished. Impact and tensile

specimens of all materials were machined.

O
<7i 4
o

CC
o

MATERIAL

* HEAT TREATMENT

A B C D

ZIRCALOY-2 X

85 SPONGE ZIRC0NIUM-I5 Nb A -•-

83 CRYSTAL-BAR ZIRCONIUM-15 Nb-2 Pd • 0
95 CRYSTAL-BAR ZIRCONIUM-5 Pd V

67 CRYSTAL-BAR ZIRCONIUM-33 Nb • ♦
80 CRYSTAL-BAR ZIRCONIUM -15 Nb-5Pt 0 ©

83 CRYSTAL-BAR ZIRCONIUM - 15 Nb-2 Pt ♦ ®

95 CRYSTAL- BAR ZIRCONIUM - 5 Pt D

85 CRYSTAL-BAR ZIRCONIUM-15 Nb • -D- •
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Fig. 43. Corrosion Rates of Zirconium-Alloy CA Coupons vs Solution Fission-Power Density.
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The rates for the beta-quenched Zr-Nb alloys were, with the exception of the impact specimen, lower

than those for Zircaloy-2 at the same power density. However, the heat-treated alloys generally showed

higher rates. The rates for the impact specimens of Zircaloy-2 and beta-quenched Zr—15 Nbwere in near

agreement. All in-line specimens of these alloys showed weight gains after defilming.

(b) Titanium Alloys. —The titanium alloy specimen results are shown in Fig. 44. The in-line speci

mens in experiment L-4-16 exhibited weight losses after defilming, and the average of the calculated rates

for these specimens is shown. In experiment L-2-15, only the 110AT CA coupons showed weight losses.

The calculated average rate values for each of these specimens are shown in Fig. 44.
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(c) Stainless Steel. —The stainless steel specimen results are plotted in Fig. 45. Fot the in-line

specimens of type 347 stainless steel, only the average values are shown. The corrosion rates of in-line

specimens of type 309SCb in L-2-15 were about the same as those for type 347 in comparable locations.
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Fig. 45. Corrosion Rates of Type 347 Stainless Steel Core Coupons vs Solution Fission-Power Density.

5. SUMMARY AND DISCUSSION OF RESULTS

5.1 Solution Composition and Stability

In a previous report the results of solution analyses in a gtoup of several loop experiments at 250°C

were analyzed and discussed in detail. A less complete analysis of the L-2-15 and L-4-16 results shows

many similarities between these and the previous areas. Conclusions and comments drawn for the L-2-15

and L-4-16 results are based in part on the previous data analyses.

For the L-2-15 and L-4-16 experiments the average value for the sample dilution factor based on Li?SO,

tracer was probably high by amounts ranging up to 10-12%. A possible explanation for this is that the

wash water in the sample lines was vaporized during gas-flushing, thus concentrating the Li,S04 solution
remaining in the lines. Within the limits of the considerable uncertainty arising from the dilution factor

uncertainty, there were no significant losses of uranium, sulfate, or copper from any of the solutions. For

uranium and copper, this was also indicated by the constancy of the values for fission and gamma heat and

radiolytic-gas pressures and by the small amounts of these elements in the samples of heavy scale in

L-4-16. This conclusion with respect to copper differs from that for the lower-temperature experiments,

where some decrease in copper concentration occurred.
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The free-acid values determined from pH measurements were generally lower than those detetmined from

direct analyses for hydrogen ion (Figs. 11 and 12). The pH measurements indicated that the acid concen

trations remained fairly constant at about 0.02 m throughout the radiation exposures but that the acidities

dropped from about 0.03 to 0.02 m prior to the initiation of exposure. The free-acid analysis values indi

cated a fairly constant concentration of about 0.03 m throughout the exposure in L-2-15 and an increase

from about 0.023 to 0.03 m in L-4-16. Possible explanations exist for the variations in acidity indicated

by each type of measurement, so that there is no apparent reason to consider one set of values more

accurate than the other.

The amounts of nickel found in solution in each experiment were less than those expected from the

data for oxygen consumption by steel, assuming that all oxidized nickel entered solution. That found in

solution in L-2-15 was very much less. Comparisons between the amounts of nickel expected and re

covered are shown in Table 24. Possible explanations for low recovery of nickel in solution have been

considered previously. It is believed that the nickel is incorporated in the heavy corrosion scales as

indicated by the results of scale analyses in L-4-16 (Tables 19 and 20) and in other experiments.

In general agreement with previously reported and discussed obsetvations, little or no manganese was

found in solution. Iron, zirconium, and chromium were found in all samples in amounts which exceeded

100 ppm in some cases. Chlorine was not detected in the loop solutions.

The results of the analyses for zirconium in the bulk scales indicated that most or all of the zirconium

oxide formed in the core was transported to and deposited on surfaces outside the core. The clean appear

ance of Zircaloy-2 specimens in the core supported this conclusion. Evidence for transport of appreciable

fractions of the oxide has also been observed in other experiments.

Table 24. Comparison of Total Amount of Steel Corrosion Determined from

Oxygen Consumption and Dissolved-NickeI Data

Calculated Oxygen Consumption on Steel „ • e i~ „ .•
~. 3a v Ratio or Consumption
lime — c

Experiment ,, •, From Oxygen Consumption From Nickel Data from Oxygen Data to

Data (cc, STP)a (cc, STP)"' b That from Nickel Data
(hr)

L-2-15 701 2200 1000c 2.2

L-4-16 952 1230 1110 1.2

From graphs shown in Fig. 7.

Assuming (1) no selective oxidation of any steel constituent, (2) all oxidized nickel in solution, and (3) 12.5%
nickel in the stainless steel.

""Corresponds to about 350 mg of nickel in solution. Probably 30 to 50% of this amount was oxidized fromthe four
Ni-Pt-plated Zircaloy-2 specimens during in-pile exposure. Hence the agreement between values for oxygen consump
tion on steel is poorer than indicated.
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5.2 Zirconium Alloys

The Zircaloy-2 data have been analyzed and included in a general discussion of Zircaloy-2 radiation

corrosion. For convenience, the conclusions from that discussion which are pertinent to the present
expetiment will be summatized here.

The Zircaloy-2 data from the present experiments, as well as all other 280°C in-pile loop and autoclave

experiments, can be expressed by the following equation:

1/R = 2.23/Pa + 1/40 , (1)

where

R = corrosion rate, mpy ,

P = fission-power density in solution, w/ml ,

CL = factor by which the effective power density is greater than the solution power density due to
uranium sorption near or on the corroding surface.

In general, the value of a in solutions of the same composition decreases with increasing solution

velocity and, in the venturi-shaped channel specimen holders, with decreasing value of the angle included

between the center line and the walls. Appreciable fractions of the ateas of all specimens were in close

proximity to other surfaces (where they were clamped in the holders and where they were in contact with

other specimens), and thus exposed to essentially stagnant solution. The a value for a "covered" surface

is expected to be greater than that for the exposed surface of the same specimen. The corrosion rates

determined from weight measurements wete thus averages of the two different rates fot the covered and

exposed surfaces. In analyzing the results of these experiments for the effects of velocity on a, it was

assumed that the corrosion rate for the coveted surfaces of a channel specimen was the same as that for

the low-velocity annulus specimen exposed at the same solution power density.

Reciprocal solution power-density-corrosion-rate plots for L-2-15 and L-4-16 data are reproduced in

Figs. 46 and 47. The calculated corrosion rates for the exposed surfaces of the channel specimens are

also shown. It was concluded that the a value for the surfaces of those specimens exposed in the con

vergent portion of the channel holder was near unity at all velocities tested (10 to 44 fps). Those in the

divergent section wete probably greater than unity. The lines through the average corrosion rate values,

in general, do not extrapolate to the value of 40 mpy at infinite power density. This is an expected result
when different portions of a specimen corrode at different rates.

The average corrosion rates for the impact and tensile specimens were generally lower than those for

the annulus specimens in L-2-15 (Fig. 42); that for the impact specimens in L-4-16 was greater. The ex

planations for these differences are unknown, since information on the histories of those specimens is

incomplete. Differences in material and surface preparation may be partial explanations. In the case of

the L-2-15 results, the relatively low rates for the impact and tensile specimens may have resulted, in part,

from the fact that nearly all the surfaces of these specimens were exposed to the flowing solution, while a

large fraction of the areas of the corrosion coupons were exposed to stagnant solution.

2 1
G. H. Jenks, A Model for the Effects of Irradiation on Zircaloy-2 Corrosion and a Review and Correlation of In-

Pile Zircaloy-2 Corrosion Data, ORNL-3039 (July 6, 1961).
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5.3 Other Zirconium Alloys

As shown in Tables 21 and 22 and in Fig. 43, specimens of various other alloys of zirconium exposed
in the core annulus of experiment L-4-16 corroded at varying rates. The effect of heat treatment on the
corrosion resistance of these alloys was quite pronounced. All specimens of the alloys that were held at
900°C for 3hr and water-quenched exhibited, with one exception, appreciably lower rates than observed for
the commercially annealed Zircaloy-2 CA coupons. The rates varied from 0.4 to 0.9 of those exhibited by
the Zircaloy-2 coupons. The exception, an impact specimen of 85 crystal-bar zirconium-15 Nb, exhibited
a tate 1.3 times that for Zircaloy-2. With two exceptions, all specimens of the alloys that were held at
900°C for 3hr, water-quenched, and then held at 600°C for an additional 48 hr and air-cooled, exhibited
appreciably higher rates than observed for the Zircaloy-2 CA coupons. The tates for these coupons varied
from 1.3 to 2.3 of those exhibited by the Zircaloy-2 coupons. The exceptions, coupons of 83 crystal-bar
zirconium-15 Nb-2 Pd and of 80 crystal-bar zirconium-15 Nb-5 Pt, exhibited rates 0.8 and 0.9 times that
of Zircaloy-2. In general, the relative rates for those several zirconium alloys are similar to those
observed in other experiments.

5.4 Nickel- and Platinum-Clad Zircaloy-2

Metallographic examination of the Zircaloy-2 specimens plated with nickel and then platinum and

exposed in the L-2-15 experiment showed the nickel layer to be missing from all coupons. The platinum

appeared to remain in place. The nickel was exposed to the solution on one or more edges as a result of

the method of fabrication. Zircaloy-2 corrosion rates of 10.5 and 4.8 mpy at 16.1 and 6.8 w/ml were esti

mated, assuming that the platinum on these specimens underwent no corrosive attack and that the weight

losses were attributable to the loss of all the nickel and part of the Zircaloy-2. These rates are a little

lower than those expected fot CA positions in this experiment. This suggests that the Zircaloy-2 surfaces
were unexposed during the initial period of the in-pile operation.

5.5 Titanium Alloys

The rate values determined for Ti-55A and Ti-llOAT core specimens were plotted vs solution power
density in Fig. 44. Average values for in-line specimens of Ti-55A in L-4-16 and of the Ti-llOAT in

L-2-15 are shown. (In-line specimens of the 55A in L-2-15 exhibited weight gains.) These results are

considered in support of the conclusions drawn previously that the corrosion of titanium is accelerated

during in-pile exposure by some change which occurs throughout the solution under irradiation, so that sur

faces in and out of the core are affected to about the same extent. Comparisons of the L-4-16 and L-2-15

results show that the titanium rates increase with increasing average corrosion fission-power density in

solution. The Ti-llOAT probably corroded at slightly higher rates than the Ti-55A.

5.6 Stainless Steel

Steel corrosion in the in-pile loops has been found to be affected by a number of experimental variables,
as reviewed briefly in the following paragraphs.
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1. The effects of radiation on steel corrosion are confined to the core. Corrosion outside the core is

about the same as that expected in the absence of radiation. The corrosion of specimens at the tear of the

core is generally about the same as that found with in-line specimens. Above certain levels for fission-

power density in solution adjacent to specimens, the average rate of attack is greater than expected out-of-

radiation and the degree of attack increases with incteasing power density. The power-density level above

which the cotrosion rate is affected varies from one experiment to another.

2. Some variations in attack, both positive and negative, with velocity of solution flow past specimens

have been observed. To explain the positive and negative effects, it has been postulated that the solution

flow may accelerate the attack by mechanisms comparable to those prevailing out-of-radiation, but that it

may also reduce the amount of sorbed uranium and, hence, the effective fission-power density at a cor

roding surface.

3. Some evidence for increased corrosion of specimens in contact with zitconium, titanium, and, in

particular, platinum has been obtained.

4. The corrosion of steel in the core is usually markedly increased upon the initiation of radiation

exposure with a fresh fuel solution. The average rate drops off during continued exposure and usually

reaches and levels off at a value about the same as that for in-line surfaces. A careful analysis of the

results of a group of 250°C experiments employing solutions of 0.17 mU02S04, 0.03 mCuS04, and varying
concentrations of acid has shown that the oxygen consumption rate in the core is dependent upon the acid

and NiSO. concentrations. Plots of the total oxygen consumption by steel vs radiation exposure time

showed a marked decrease in consumption rate aftet initial periods of varying length of time, and the time

of occurrence of the change in rate was correlated with a decrease in acidity and/or increase in nickel con

centration to a value for the factor [H2S04] - [NiSOj of about 0.01 m. Plots of the rate of oxygen con
sumption per unit steel area in the core and per unit power density during radiation exposure showed near

agreement between the results of various experiments. The rate dropped to the backgtound level when the
value for the factor [H2S041 - [NiSOj was about 0.01.

5. Corrosion of steel surfaces proceeds by formation of pits of about 1 mil in depth. These spread out

laterally to yield fairly uniform corrosion of a surface.

6. Since the rate of corrosion in the core decreases with exposure time, the results of weight-loss

measurements yield rate values which are averages of a range of values.

7. The relative effects and interrelations of the several variables affecting corrosion are uncertain, so

that the corrosion rate under a given set of conditions in the core cannot be accurately predicted.

In general, the results of these L-4-16 and L-2-15 expefiments provide additional evidence in support

of most of the above items but do not throw much additional light on the interpretation of these effects.

With respect to item 4, the results also show that cotrosion of steel in the core decreased with exposure

time, but, as discussed in more detail below, there does not appear to be any correlation between the con

centration of excess acid and the changes in corrosion rates.

The plots of total oxygen consumption on steel vs radiation time (Fig. 12) show the same general
characteristics as those observed for the 250°C experiments, although the time to the change in slope was

very short for L-4-16. The results obtained in the 250°C experiment EE, which employed a solution having
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an initial composition 0.16 mUO.,S04, 0.020 mH2S04, and 0.028 mCuS04, are illustrated for comparison.
The results for the oxygen consumption rates on steel during radiation exposure varied with radiation time

in a manner also qualitatively similar to that observed at the lower temperature. This is illustrated by the
plots in Fig. 48, where the rate values are average values for the steel surfaces in the core calculated by
assuming that all oxygen consumption by steel was on these surfaces. Again, the results of the 250°C
experiment EE are shown for comparison.
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As discussed in previous paragraphs, the concentration of excess acid in the L-4-16 and L-2-15 experi
ments probably remained fairly constant throughout radiation exposure in each case. The concentrations

of nickel were generally negligibly small in comparison with the acid. Hence, there is no correlation

between the reduction in rates observed during the early portion of the exposures and reductions in the

acid concentrations. The explanation for the decrease in rates following the initiation of exposure with
fresh solution is unknown. The lack of effect of changes in acid concentration and the leveling off of the
rates of oxygen consumption while the concentrations were 0.02 mor greater show that the tolerance to
acid was much greater in these experiments employing solutions of 0.17 mUO.SO, and 0.015 mCuSO in

2 4 4

addition to the acid than in those at 250°C employing solutions of 0.17 mUO,SO, and 0.03 mCuSO . The
2 4 4"

difference in acid tolerance is probably a result of the increased temperature, since a similar beneficial
effect of temperature occurs out-of-pile.
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