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IN-PILE LOOP INVESTIGATIONS OF CORROSION OF ZIRCALOY-2 AND OTHER
POSSIBLE REACTOR MATERIALS IN 0.04 m U02S04 AT 280°C

G. H. Jenks J. E. Baker

ABSTRACT

In-pile loop experiment L-2-10 was one of a series designed to test the radiation

corrosion of Zircaloy-2 and other possible reactor construction materials in UOjSO^ solu
tions under various radiation intensities, temperatures, solution compositions, and veloci

ties of flow past specimens. The solution employed was 0.04 m UOjSO^ 0.0075 m CuSO^,
and 0.02 m H^SO. in HjO. Radiation exposure was carried out in the LITR HB-2 facility,
at a main-stream temperature of 280°C. Construction material for the loop was type 347
stainless steel. Specimens of Zircaloy-2, Ti-55A, platinum, and types 347 and 309 SCb

stainless steel were tested. The power density at core specimens ranged from a maximum

of 4.2 to a minimum of 0.8 w/ml. The total time of high-temperature operation with UOjSO.
solutions was 1872 hr, of which 1672 hr was with enriched UOjSO.. In-pile circulation time
for this experiment (following the initial reactor startup) was 1456 hr, and the reactor energy

was 3765 Mwhr, with most of the energy accumulated at the 3-Mw power level.

The over-all corrosion rate of steel in the loop decreased slightly with time of ex

posure. The average over-all steel rate based on oxygen data and radiation time was 0.47
mpy (mils per year). The average rate based on nickel data was less than 0.3 mpy, but the
nickel results are believed to be low because of sorption of this material on corrosion

product oxides.

The average and maximum rates for type 347 stainless steel channel specimens
outside the core were 0.18 and 0.45 mpy, based on weight loss data, exposed-area attack,

and radiation time. The comparably determined minimum and maximum rates for channel

specimens in the core ranged from 0.1 to 2.8 mpy, with the rate increasing in an apparently
regular fashion with increasing power density above about 2 w/ml. Below this power, the
rates were about the same as those observed in-line. There was no apparent effect of vary

ing solution velocities in the range 10 to 40 fps on either the core channel or in-line channel
specimens.

Specimens of types 347 and 309 SCb stainless steel exposed on one assembly in the
core annulus region corroded at much higher rates than core channel specimens, but annulus
steel specimens on another similar array corroded at somewhat lower rates than the channel
specimens. The explanation for this difference is unknown. Differences in galvanic action
between the specimens located on each of the assemblies is considered the most likely ex

planation, but no detailed mechanism is suggested.
Zircaloy-2 corrosion results from this loop have been discussed and correlated

elsewhere in terms of the 280°C relationship between corrosion rate R (mpy), power density

P (w/ml), and uranium sorption factor CL:

^/R = 2.23/Pa + 1/40 .



The data from this experiment obey this relationship. The value of <X for core annulus

specimens, which were exposed to a velocity of about 0.8 fps, was 6.9. For the exposed

surfaces of those channel specimens located in the convergent section of the channel and

exposed to average velocities of 19 and 33 fps, the best estimates of <X are in the range 1

to 1.8. Specimens located in the divergent section of the channel exhibited higher a values.

Results for Ti-55A specimens indicate that in-pile titanium corrosion was affected by

some uniform change in the solution under radiation to a greater extent than by fission re

coil irradiation of specimen surfaces or by the fissioning taking place in the solution im

mediately adjacent to specimens. However, the result obtained with one core specimen ex

posed to the highest average solution velocity (35 fps) suggests that the susceptibility of

this material to adverse velocity effects is increased by exposure to fissioning solution.

With the exception of this one specimen, the average rate (based on radiation time and to

tal area) for core channel specimens was 0.8 mpy, compared with an average of 0.7 mpy for

in-line specimens. The similarly determined rate for the high-velocity specimen was 3.6

mpy.

Platinum corrosion was negligible.

There was no evidence of solution instability. Some discrepancies in analytical re

sults were ascribed to sampling and analytical errors.

1. INTRODUCTION

In-pile loop experiment L-2-10 was one of a series designed to test the radiation corrosion of

Zircaloy-2 and other possible reactor construction materials in UOjSO. solutions under various radiation
intensities, temperatures, solution compositions, and velocities of flow past specimens. The solution

employed was 0.04 m U02S04, 0.0075 m CuS04, and 0.02 m H2S04 in H20. Radiation exposure was
made in the LITR HB-2 facility, and the main-stream temperature was 280°C. Previous loop experiments1,2

had employed solutions 0.17 m in U02S04 and a main-stream temperature of 250°C. Also, the previous
loops had been exposed in the LITR HB-4 facility, where the maximum thermal-neutron flux is less than

that in HB-2 by a factor of 3 to 4.

Construction material for the loop was type 347 stainless steel. Specimens of Zircaloy-2, Ti-55A,

platinum, and types 347 and 309 SCb stainless steel were tested.

The experiment was inserted in the reactor on July 2, 1956, and removed on September 3, 1956.

Results from this experiment have been previously summarized in the Homogeneous Reactor Project

Quarterly Progress Report for the Period Ending January 31, 1957 (ORNL-2272).

2. EQUIPMENT AND CONSTRUCTION

The structure of the loop and the equipment employed were similar to those reported for previous

experiments. The circulating pump was an ORNL 5-gpm model of the outboard-bearing type with pure sin

tered aluminum oxide bearings and journal bushings. Loop volumes and other specifications are given in

Table 1.



The loop, constructed of type 347 stainless steel, contained four types of corrosion specimens in

three locations. A tabulation of the specimen materials and types is given in Table 2. Identical sets of

'/ x '/, x 0.060 in. corrosion coupons (24 each) in type 347 stainless steel tapered-channel coupon holders
were installed in the core and in-line positions. Type 347 stainless steel, Zircaloy-2, and titanium-55A

were used for these coupons and were arranged as shown in detail in Fig. 1. Six impact specimens of

Zircaloy-2 were contained in the loop - three in the special line holder and three around the core coupon

holder. Also, three tensile specimens of Zircaloy-2 and two rod-coupon assemblies were located in the

core annulus and three tensile specimens of Zircaloy-2 were arranged in the special line holder in a

manner similar to that of the impact specimens. The rod-coupons were ^ x ^ x 0.060 in. and were spaced

Table 1. Loop Volumes and Other Specifications for In-Pile Loop L-2-10

Loop volume (including pressur zer), ml 1508

Pressurizer volume, empty, m 524

Core volume, empty, ml 372

Core volume, loaded, ml 300

Flow rates

Pressurizer, cc/sec 7.4

Core, gpm 4.9

In-line, gpm 5.1

Pump bearing material Al203

Pump journal material Al203

System pressure checked at

Hydraulic, psi 1300

Helium and leak detector, P si 500

Table 2. Number and Types of Corrosion Specimens in Experiment L-2-10

Specimens exposed in as-machined, as-received condition

Tape red-Channel Rod-Coupo n A ssemblies Tensile Impact

Type Coup

Core

on Holders

In-Line

(in core) Specimens Specimens

Array A A rray B Core In-Line Core In-Line

347 SS 13 13 3 3

309 SCb SS 2 2

Zircaloy-2 5 5 2 2 3 3 3 3

Ti-55A 6 6

Platinum 2 2



evenly on 0.200-in.-diam rods. The rods, nuts, and spacers were of type 347 stainless steel. The coupons

were fabricated of types 347 and 309 SCb stainless steel, Zircaloy-2, and platinum. Arrangement of the

core impact, tensile, and annulus-coupon assemblies is shown in Fig. 2. Figure 3 shows the arrangement

of specimens in the special line holder.
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OUTLET END
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ORNL-LR-DWG 62482

SOLUTION FLOW
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B = ZIRCALOY-2

C = TITANIUM - 55AX

NOTE: NUMBERS IN PARENTHESIS INDICATE AVERAGE SOLUTION
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SOLUTION

INLET END
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Fig. 1. Arrangement of Coupon Corrosion Specimens in the Core and In-Line Channel Holders.
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Fig. 2. Arrangement of Core Impact, Tensile, and Rod Coupons.
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A Zr-2 TENSILE SPECIMEN

B Zr-2 IMPACT SPECIMEN

C Zr-2 TENSILE SPECIMEN

D Zr-2 IMPACT SPECIMEN

E Zr-2 TENSILE SPECIMEN

F Zr-2 IMPACT SPECIMEN

Fig. 3. Arrangement of Special-Line-Holder Specimens.

3. OPERATION

3.1 Out-of-Pile Pretreatment

During out-of-pile testing the loop was operated for short periods with H20, solutions of trisodium
phosphate, and solutions of HNO,. The loop was also operated for 110 hr with a solution of 0.17 mU0.S04

(natural), 0.04 mH2S04, and 0.03 mCuS04 in H20. During the last run with H20, following the U02S04
run, the circulation pump failed. Examination of the pump revealed that the start windings on the stator

were burned. Following replacement of the stator and a complete leak check of the loop, the loop was

operated for a short period with H20 and then for 90 hr with a solution of 0.04 mU02S04 (natural), 0.02 m
H_S04, and 0.0075 mCuS04 in H20. After a final H20 run the loop was charged with an enriched-uranium
solution and in-pile testing was begun. The loop preparatory operations are summarized in Table 3.

3.2 In-Pile Operation

The loop was charged with enriched-uranium solution and operated at temperature (280°C in the main

stream and 305CTC in the pressurizer) about 216 hr before the reactor was taken to power. The solution

charged to the loop was 0.04 mU02S04, 0.0075 mCuS04, and 0.02 mH2S04 in H20. A make-up solution,
similar to the original but containing 0.044 mH2S04 and 130 ppm Cr, was used to replace solution with
drawn as samples. Compositions of these solutions are shown in Table 4. The total circulation time with

enriched solution was 1672 hr. The energy output of the LITR during this time was 3765 Mwhr, with essen

tially all the power liberated at the 3-Mw level. The reactor operating schedule for the exposure is shown

in Fig. 4.



Table 3. Analyses of Samples from Loop Inventory During Preparatory Operations

Circulation Inventory
Time for Each at Time of

Temperature (°C) Copper Nickel Chrc Chlorine

Inc! Total PHSolution Sampling Moin-
(ml)

Cone. Total Cone. Total Cone. Total Cone. Total Cone. Total Cone. Total Cone. Total Co
Pressurizer (mg/m|) (g) (mg/ml) (g) (jig/ml) (mg) (,ig/ml) ("s) W<"D (m9) W^) (m9> W">l> (m9> W^) ('

3% TSP (He)

5%HN03(He)

H20

H20 (02)

H20 (Oj)

H20 (02)

0.17 mU02S04
(natural),

0.04 mH2S04,

0.03 mCuS04(02)

(hr)

5.5

21.5

22.3

15.0

6.0

16.4

5.1

24.6

8.0

109.8

H20(He) 20.8

H20(02) 12.3

H20 (02) 22.2

Following Repairs

H20 (02) 3.9

0.04 mU02S04 89.6

(natural),

0.02 mH2S04,

0.0075 mCuS04 (02)

1200 100 100

1200 100 100

1096 250 280

1096 250 280

1096 250 280

1096 250 280

1096 250 280

1096 300 315

1096 250 280

250 280 (orig.) 38.8 2240

<1

18

<1

22

5

119

6

143

<1

15

35.4 38.8 21.7 23.8 2070 2270 54 59 10 11 14 15

36.6 40.1 21.3 23.3 1980 2170 132 145 20 22 25 27

33.0 36.2 21.3 23.3 1990 2180 217 238 37 41 14 15 15

(final) 36.0 39.5 23.5 25.8 2050 2250 231 253 10 11 23 25 16

1100 250 280 2 2 <1 <1 2 2 <1 <1 <1

1095 250 280

1100 250 280 <1 <1 <1 <] <1 <1 7 8 <1

7.3

0.1

7.2

<2 <2 1.4

<1 <1 1.4

<l <1 1.3

<2 <2 1.3

<1 <1 3.5

3.4

1116 250 280 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 5.2

1015 280 305 (orig.) 10.1 7.0 490 <1 2 <1 19 2 1.5

9.4 .9.7 7.0 7.1 490 497 7 7 7 7 3 3 31 31 1.6

9.5 9.8 6.8 6.9 460 467 11 11 7 7 8 8 37 38 <2 <2 1.6

9.9 10.0 7.0 7.1 510 518 17 17 38 39 13 13 13 13 2 2 1.5

9.0 9.1 6.8 6.9 510 518 56 57 6 6 19 19 34 35 <2 <2 1.6

(final) 9.6 9.7 6.4 6.5 460 467 25 25 5 5 21 21 15 15 <2 <2 1.9

1010 250



Table 4. Analyses of Samples from Loop Inventory During Enriched-Solution Operation

Total

Circulation

Time

(hr)

Accumulated

LITR

Energy

(Mwhr)

Inventory

Volume at

Time of

Sample, 25 C

(ml)

Lithium

(mg/ml)

Sample

Dilution

Factor

Uranium Sulfate Copper Chromium Nic kel Chlorine Iron Zirconium Aluminum Mang anese

pH
Sample Rep

(mg/ml)

Corc

(mg/ml)

Calcd1*
(mg/ml)

Rep

(mg/ml)

Cor

(mg/ml)

Calcdc

(mg/ml)

Rep

(mg/ml)

Cor

(mg/ml)

Calcdc

(mg/ml)
Rep

(mg/ml)

Calcd

Total/
(g)

Rep

(mg/ml)

Calcd

Tota^

(g)

Rep

(mg/ml)

Calcd

Totals

'(g)

Rep

(mg/ml)

Calcd

Total/

(g)

Calcd

ReP Total/
(mg/ml) , »

Calcd

ReP Total*
(mg/ml) / »

Rep

(mg/ml)

Calcd

Total*

(g)

Specific

Gravity

Original charge 1024 0 1.0 10.4 7.1 0.49 0 0 0 0.02 0 0 0 1.7 1.02

Make-up solution 0 1.0 10.4 9.0 0.50 0.13 0 0 0.02 0 0 0 1.4 1.01

L-2-10-1* 23 0 1024 0.193 1.26 9.3 11.7 10.4 7.9 8.3 7.1 0.46 0.58 0.49 0.04 0.05 0 0 0.06 0.08 0 0 0 0 0 0 2.1

L-2-10-2* 139 0 1027 0.271 1.41 8.5 11.9 10.4 8.2 8.9 7.1 0.58 0.82 0.49 0.15 0.22 0.06 0.10 0.21 0.31 1.9

L-2-10-3* 184 0 1024 0.175 1.23 9.8 12.0 10.4 8.1 8.5 7.1 0.44 0.54 0.49 0.10 0.12 0.06 0.07 0.09 0.11 2.1

L-2-10-4 256 112 1023 0.120 1.15 9.7 11.1 10.4 7.6 7.8 7.1 0.39 0.44 0.49 0.04 0.05 0.08 0.10 0 0 0.04 0.05 1.8

L-2-10-5 280 170 1024 0.160 1.21 9.6 11.6 10.4 7.9 8.2 7.2 0.54 0.66 0.49 0.05 0.06 0.09 0.12 0.04 0.05 1.9

L-2-10-6 352 378 1024 0.153 1.20 9.5 11.4 10.4 7.8 8.1 7.2 0.57 0.69 0.49 0.06 0.07 0.12 0.15 0.04 0.05 1.9

L-2-10-7 520 708 1023 0.292 1.46 9.2 13.4 10.4 8.4 9.3 7.2 0.87 1.27 0.49 0.12 0.18 0.13 0.21 0.06 0.09 0 0 1.9

L-2-10-8 592 886 1024 0.199 1.27 8.5 10.8 10.4 7.2 7.5 7.2 0.36 0.46 0.49 0.10 0.13 0.10 0.14 0.03 0.04 0 0 2.0

L-2-10-9 688 1170 1023 0.192 1.27 9.3 11.8 10.4 7.9 8.3 7.2 0.40 0.50 0.49 0.13 0.16 0.11 0.15 1.9

L-2-10-10 736 1294 1023 0.193 1.26 9.0 11.4 10.4 7.9 8.3 7.3 0.49 0.61 0.49 0.15 0.20 0.05 0.06 0.04 0.05 2.0

L-2-10-11 784 1432 1023 0.190 1.26 9.4 11.8 10.4 7.8 8.2 7.3 0.52 0.66 0.49 0.17 0.22 0.24 0.32 0.03 0.04 0.01 ' 0.01 2.0

L-2-10-12 855 1622 1023 0.153 1.20 10.3 12.3 10.4 7.9 8.2 7.3 0.39 0.47 0.49 0.17 0.21 0.25 0.32 2.0

L-2-10-13 924 1796 1023 0.186 1.25 9.3 11.6 10.4 8.0 8.5 7.3 0.41 0.52 0.49 0.09 0.12 0.22 0.28 0.04 0.05 0.03 0.03 0.01 0.01 1.9

L-2-10-14 1024 2077 1023 0.154 1.20 9.8 11.7 10.4

4
10.4

7.9 8.2 7.3 0.43 0.51 0.49 0.13 0.16 0.27 0.34 0.07 0.09 0.08 0.10 0.02 0.02 1.8

L-2-10-15 1095 2179 1023 0.228 1.33 9.3 12.4 7.7 8.1 7.4 0.38 0.51 0.49 0.12 0.15 0.25 0.37 0.02 0.03 0.04 0.05 1.9

L-2-10-16 1192 2501 1023 0.163 1.21 8.5 10.3 10.4 7.7 8.0 7.4 0.46 0.56 0.49 0.14 0.17 0.29 0.38 0.04 0.05 0.03 0.04 1.9

L-2-10-17 1264 2701 1023 0.193 1.26 9.4 11.9 10.4 8.1 8.6 7.4 0.50 0.64 0.49 0.18 0.23 0.27 0.38 0.04 0.05 0.10 0.13 0.04 0.05 2.0

L-2-10-18 1360 2977 1023 0.229 1.33 9.5 12.6 10.4 8.2 8.7 7.4 0.41 0.55 0.49 0.12 0.16 0.21 0.33 0.06 0.07 0 0 0.03 0.04 1.9

L-2-10-19 1432 3153 1022 0.250 1.37 9.8 13.4 10.4 8.3 9.0 7.4 0.60 0.82 0.49 0.10 0.13 0.41 0.58 0.06 0.09 0 0 0.07 0.10 2.0

L-2-10-20 1528 3407 1022 0.187 1.25 10.6 13.3 10.4 7.7 8.0 7.5 0.43 0.54 0.49 0.07 0.09 0.33 0.48 0.04 0.05 0 0 0.02 0.03 2.0

L-2-10-21 1600 3565 1022 0.169 1.22 9.9 12.1 10.4 7.9 8.2 7.5 0.32 0.39 0.49 0.14 0.17 0.30 0.43 0.08 0.10 0 0 0.03 0.04 2.0

aWash water contained Li2S04 at 0.068 m.

Dilution factors based on lithium concentration found in sample.

c(Reported concentration) X (dilution factor).

Determined from calculated uranium, copper, or sulfate and inventory balance.

Corrected for SO, from Li-SO* and for dilution.

'(Reported concentration) X (dilution factor) X (inventory volume).

"(Reported concentration corrected for sample dilution and amounts withdrawn in previous samples) X (inventory volume).

Sample taken with reactor down.
1
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Oxygen partial-pressure measurements were made hourly during the experiment. Radiolytic-gas

pressure measurements were made, usually once per week, by measuring the difference in pressure with the

reactor in operation just prior to a shutdown and 30 min after the shutdown. Fission and gamma heat meas

urements were also made at the same time by observing the difference between electric power requirements

of the loop heaters during operation at full reactor power and after reactor shutdown. Only one oxygen ad

dition (the original charge) was made during the run. The oxygen partial pressure in the pressurizer, not

including the oxygen from radiolytic-gas formation, was 235 psi at the start and decreased during the ex

periment to a final value of 68 psi.

Two-milliliter samples of solution were taken periodically with the loop at temperature. About 0.2 ml

of each sample was used for Cs analyses. The system was purged with the loop solution before a sam

ple was taken. The volume removed from the circulating stream during the sampling operation was about

11 ml for each sample. The schedule of solution sampling is shown in Table 4 and Fig. 4. Following the

original reactor startup, all samples were taken with the reactor at power. Three samples were taken before

the reactor went to power.

The experiment was terminated when difficulty with the solution circulation pump was encountered.

A sharp increase in pump power requirements produced a "fast setback" and scrammed the reactor. Solu

tion circulation was not completely lost but was decreased to such an extent that the pressurizer tempera

ture started rising and the pressurizer heater power decreased sharply. Following shutdown of the experi

ment the pump was restarted once, but its operation was still faulty and full circulation could not be restored.

The solution was then drained from the loop, and the experiment was removed from the reactor.

Loop areas wetted by the circulating solution are shown in Table 5. In-pile operation of this loop has

been reported in detail by Walter.

3.3 Dismantling

The loop was dismantled routinely and without incident. The core, two in-line sample holders, the

pressurizer, two sections from the pressurizer heater, a section of piping adjacent to the pump outlet, and

the pump were removed from the loop. The remainder of the loop was stored in hole 201 at the burial ground.

Before removal of the pump from the loop the impeller was rotated manually but only with difficulty,

evidencing definite binding. The pump was removed from the loop and the volute cut away. Examination

of this component and of the impeller revealed no indication of localized attack or presence of foreign ma

terial. Further examination showed the rotor end play to be adequate and the rear bearing housing to be

pinned securely in place. The bearings had not been mechanically fixed in the housing, however, other

than by an interference fit. From the results of subsequent observations and experiments, it has been

concluded that failure of the pump probably resulted from failure of the stator windings.

Representative coupons of Zircaloy-2, types 347 and 309 SCb stainless steel from the core channel

and annulus arrays, and sections cut from the type 347 stainless steel core body were decontaminated and

sent to the Analytical Chemistry Division for induced-activity determinations. These specimens were com

pared with irradiated control specimens which had been exposed along with standard cobalt samples in the

LITR. Two Zircaloy-2 core coupons were also submitted for analysis for hydrogen content.



Table 5. Loop Areas Exposed to High-Temperature Solutions

Stainless Steel

Type 347

Stainless Steel

309 SCb
Zircaloy-2 Titanium Platinum

Components Total

Items Area

(cm2)

Total

Items Area

(cm2)

Total

Items Area

(cm2)

Total

Items Area

(cm2)

Total

Items Area

(cm2)

Loop

Total main circulation lines (not 1449.5

including pump and core)

Pressurizer (total area 708 cm )

Area wetted when filled 535.0

with 409 ml of solution

Pressurizer lines 243.2

Core 318.4

Pump

Scroll 236.0

Impeller 214.8

Specimens and Holders

24 Core coupons 13 27.3 5 10.5 6 12.6

2 Clamp bands 2 29.0

1 CC coupon holder 1 189.8

3 CA impact specimens 3 71.6

1 CA spider 1 17.2

3 CA tensile specimens 3 54.2

2 CA rods

20 CA spacers

18 CA coupled coupons 6 22.8 4 15.2 4 15.2 4 15.2

2 45.4

20 59.0

6 22.8

13 27.3

2 29.0

1 193.5

24 In-line coupons 13 27.3 5 10.5 6 12.6

2 Clamp bands

1 In-line coupon holder

3 In-line impact specimens 3 71,6

3 In-line tensile specimens 3 54.2

2 Special line holders 2 26.4

3663.6 15.2 287.8 25.2 15.2

10



Several coupons of each test material from the core and in-line holders, core rod assemblies, and

sections from the core cap, pressurizer, pressurizer heater, and main loop piping were sent to the Solid

State Division for metallographic examination. The core impact and tensile specimens were not defilmed

but were transferred to the Metallurgy group for remote testing.

4. RESULTS AND EVALUATION

4.1 Out-of-Pile

Solution Analyses. - As reported above, two runs with natural-uranium solutions were made during

the out-of-pile pretreatment operations. Each pretreatment solution was sampled periodically during loop

operation and again following removal from the loop. The samples were analyzed for the constituents orig

inally present in the solutions and for the corrosion products Ni, Fe, Cr, and Al. The pH of each sample

was also measured. The results of these analyses are presented in Table 3. The variations in concentra

tions shown are attributed to analytical errors and/or dilution of the solution in loading the loop or sampling.

The over-all stainless steel corrosion rates, based on the amounts of nickel found in the final solution

samples, were 3.0 and 0.4 mpy during the periods of operation with the 0.17 and 0.04 mU02S04 solutions
respectively.

Oxygen Consumption Data. —Corrosion rate values, based on oxygen consumption, were calculated

with the assumption that all surfaces in contact with high-temperature solution corroded uniformly and that

oxygen was consumed by stainless steel only. The oxygen consumption rates were determined by applica

tion of measured factors for the relationship between oxygen volume and pressure in the loop. The rates

during the periods of operation with 0.17 and 0.04 mU02S04 solutions were 2.8 and 0 mpy respectively.

4.2 In-Pile

Solution Analyses. - Results of solution analyses for constituents other than fission products are

shown in Table 4. The first three samples were taken before the reactor went to power and the remainder

with the reactor at power.

As for previous loops, Li'2S04 was added to the water used to flush the sampling system between re
moval of samples to provide a means of determining the amount of dilution of the samples by residual flush

water in the system.

The reported (i.e., measured), corrected, and calculated values for the uranium, copper, and sulfate

concentrations of the samples are compared graphically in Fig. 5. The reported values for uranium were

appreciably lower than the calculated values. Correcting the reported values by applying dilution factors

based on the amounts of lithium found in the samples resulted in values which were appreciably higher than

the calculated concentrations. The reported values for sulfate were all slightly higher than the correspond

ing calculated values, but since the reported concentrations included those amounts of sulfate associated

with the Li2S04 tracer this discrepancy might be expected. However, even after correction for the excess
sulfate and for sample dilution, the results remained higher than either the reported or calculated values.

11
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Fig. 5. Comparison of Reported, Corrected, and Calculated Uranium, Sulfate, and Copper Concentrations.

Reported values for the copper concentrations were, in general, slightly lower than the calculated

concentrations. Application of dilution factors to these values did not produce corrected values that were

in appreciably better agreement with the calculated concentrations.

The nickel and manganese data given in Table 4 are plotted against circulation time in Fig. 6. Also

shown on another ordinate in Fig. 6 is the corrosion penetration of type 347 stainless steel, based on both

nickel and manganese data. The plot, based on the assumption that all steel surfaces in contact with the

high-temperature solution corroded uniformly, indicates an average over-all stainless steel corrosion rate of

0.2 mpy.

The calculated values for corrosion products listed in Table 4, the corrected values for excess H„S0.
2 4

listed in Table 6 and shown in Fig. 7, and the corrected values for total fissions in Table 10 have been ob

tained through the use of the listed dilution factors. No correction was applied to pH measurements.

The free sulfuric acid content in the loop solution at the time of each sample withdrawal was calcu

lated on the basis that the H2S04 was neutralized stoichiometrically by the nickel and manganese resulting
from corrosion. The amount of nickel, manganese, and the reported, corrected, and calculated free acid in

solution at the time of each sample are given in Table 6. Figure 7 is a plot of the nickel and manganese

and of the reported, corrected, and calculated values for free acid in solution vs circulation time.

12
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Fig. 7. Nickel plus Manganese and Free Acid in Solution.

The above results indicate that in the present experiment all solution samples were probably diluted

before they were withdrawn from the loop sample chamber. The lack of agreement between corrected and

calculated concentrations also suggests some error in the tracer technique employed. (The lithium concen

trations reported for seven of the samples, L-2-10-2, -7, -15, -18, -19, -20, and -21, appeared unrealistically

high.) In addition, sampling and analytical errors cannot be ruled out as possible contributors to the noted

lack of agreement in concentrations. Within the experimental uncertainties, no evidence of solution insta

bility was apparent during the period of in-pile operation. It should also be noted that in subsequent ex

periments, in which revisions to the sampling technique were made to nearly eliminate dilution, more

consistent analytical data were obtained.

Oxygen Consumption Data. - Results of oxygen consumption measurements are shown in Table 7.

The values for corrosion penetration listed in the final column of Table 7 were calculated with the assump

tion that all steel surfaces in contact with high-temperature solution corroded uniformly and that oxygen was

consumed in the corrosion of steel only. As calculated from the oxygen data, the corrosion rate for the

14



Table 6. Free HL SO, in Solution

Free Acid in Solution at Time of

Circulation Ni and Mn in Solution at Sample
Sample Number Time

(hr)

Inventory

(ml)
Time of Sample

(moles)
Calculated

(moles)

Reported

M

Corrected

(•»)

Original charge 1024 0.0 0.021

L-2-10-1 28 1024 0.001 0.020 0.019 0.024

2 139 1027 0.002 0.020 0.023 0.032

3 184 1024 0.001 0.020 0.012 0.015

4 256 1023 0.002 0.020 0.019 0.022

5 280 1024 0.002 0.020 0.020 0.024

6 352 1024 0.003 0.020 0.017 0.020

7 520 1023 0.004 0.020 0.020 0.029

8 592 1024 0.002 0.020 0.017 0.022

9 688 1023 0.002 0.020 0.010 0.013

10 736 1023 0.003 0.019 0.017 0.021

11 784 1023 0.006 0.017 0.017 0.021

12 855 1023 0.005 0.018 0.019 0.023

13 924 1023 0.005 0.019 0.017 0.021

14 1024 1023 0.006 0.018

15 1095 1023 0.007 0.017 0.015 0.020

16 1192 1023 0.007 0.017 0.015 0.018

17 1264 1023 0.007 0.017 0.016 0.020

18 1360 1023 0.006 0.017 0.016 0.021

19 1432 1022 0.012 0.011 0.017 0.023

20 1528 1022 0.009 0.014 0.015 0.019

21 1600 1022 0.008 0.016 0.016 0.020

Includes amounts previously withdrawn in samples.

entire operation was about 0.4 mpy. Unlike previous experiments employing steel core bodies, no initial

high corrosion rate was observed in this experiment. Oxygen was consumed at a steady rate throughout the

period of in-pile operation. A plot of oxygen consumption vs circulation time is shown in Fig. 6.

Since, however, some of the oxygen must have been consumed by materials other than stainless steel,

the over-all stainless steel rate of 0.4 mpy is high. As shown in Table 3, only about 90% of the wetted

loop surface was stainless steel. An approximate correction for the amount of oxygen consumed by other

materials, based on the measured weight losses of the corrosion specimens in the loop, resulted in a

reduction in stainless steel rates of about 10%. Employing the corrected oxygen volumes, the over-all

stainless steel rate for the period of operation was about 0.35 mpy. As reported above, the over-all

stainless steel corrosion rate, based on the amounts of nickel and manganese found in solution, was about

0.2 mpy.
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Table 7. Oxygen Consumption in Loop

Somple

Number

LITR

Energy

(Mwhr)

Total

Solution

Circulation

Time

(hr)

°2
Additions

to Loo p

(cc at STP)

°2
Withdrawn

rrom Loop

(cc at STP)

Total 02
Charged to Loop

Less Oj Withdrawn
in Sampling

(cc at STP)

02 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-2-10-8)c 0 0 3020 0 3020 3020 0 0 0

L-2-10-1 0 28 0 18 3002 2926 76 76 <0.01

L-2-10-2 0 139 0 16 2986 2738 172 248 0.01

L-2-10-3 0 184 0 16 2970 2643 79 327 0.02

L-2-10-4 111 256 0 15 2955 2572 56 383 0.02

L-2-10-5 170 280 0 15 2940 2508 49 432 0.02

L-2-10-6 378 352 0 14 2926 2375 119 551 0.03

L-2-10-7 708 520 0 13 2913 2172 190 741 0.03

L-2-10-8 886 592 0 12 2901 2068 93 834 0.04

L-2-10-9 1170 688 0 11 2890 1907 149 983 0.05

L-2-10-10 1294 736 0 11 2878 1851 44 1027 0.05

L-2-10-11 1432 784 0 11 2868 1798 43 1070 0.05

L-2-10-12 1622 855 0 10 2858 1715 74 1144 0.05

L-2-10-13 1796 924 0 10 2849 1634 71 1215 0.06

L-2-1 0-14 2077 1024 0 9 2840 1513 112 1327 0.06

L-2-1 0-15 2179 1095 0 9 2831 1448 56 1383 0.06

L-2-10-16 2501 1192 0 8 2823 1327 113 1496 0.07

L-2-10-17 2701 1264 0 7 2816 1263 56 1553 0.07

L-2-10-18 2977 1360 0 7 2809 1164 90 1643 0.08

L-2-10-19 3153 1432 0 6 2803 1071 89 1732 0.08

L-2-10-20 3407 1528 0 6 2797 991 74 1806 0.08

L-2-10-21 3565 1600 0 6 2791 933 53 1859 0.09

Pump off, 3765 1672 0 0 2791 869 64 1922 0.09

solution

drained

The average quantity of oxygen in the loop, at a given partial pressure of oxygen, was 12.8 cc (STP)/psi,

Calculated amount removed as 0« dissolved in sample.

Oxygen addition.



Uranium Balance. —The balance sheet for the uranium charged to and recovered from the loop ex

periment is shown in Table 8. The weigh-tank contents, consisting of the entire solution volume circulated

in the loop (except for amounts removed as samples), enriched make-up solution remaining in the fuel res

ervoir upon termination of the experiment, and water used to rinse the loop after removal of the UO.SO.

charge, were emptied at the end of operation. Analytical results indicate that 1.6% less uranium was re

covered than was charged to the experiment.

Neutron Flux, Fission Power, and Gamma Heat. - Results. — The thermal-neutron flux at a given

position in the core was determined from induced-activity measurements of representative Zircaloy-2 and

type 347 stainless steel coupons from the core channel and core annulus coupon arrays, and from type 309

SCb stainless steel core annulus coupons. In addition, measurements were made of ten of the type 347

stainless steel core annulus coupon spacers and of three pieces cut from the wall of the type 347 stainless

steel core body. The specimens were decontaminated prior to counting. The Zr95-Nb95 activity was em

ployed for the Zircaloy-2 determinations and the Cr activity for the stainless steel specimens. The re

sults are given in Table 9. In Fig. 8, the logarithms of the neutron fluxes of the specimens are plotted

Sour

Table 8. Uranium Balance

Solution Solution U Cone, by Uranium Weight

Weight Specific
Volume Analysis (92.66% U235)

(g)
Gravity (ml) (mg/ml) (g)

Charged to Loop

Original solution charged to loop 1041.3 1.017* 1023.9fe 10.4a 10.7fe

Make-up solution charged to loop 580.9fc 1.017a 571.2 10.4a 5.9
(including fuel from reservoir)

Loop inventory samples to

laboratory

Weigh-tank samples to laboratory

Weigh-tank contents (including

fuel from reservoir)

Material balance = —1.6%.

Average from analyses.

Calculated.

Weigh-tank reading.

Total 16.6

Recovered from Loop

34.8h 1.017c 34.2 8.5-10.6 0.3

15.3C 1.0C 15.3 0.5-2.4 0.02

ll,500c 1.0* 11 500c ^Ad 16.0

Total 16.3
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Table 9. Induced Activity in Zircaloy-2 and Types 347 and 309 SCb Stainless Steel Specimens

Specimen
Number

Z-83

Z-80

Z-99

Z-96

Cleaned

Weight
When

Counted

(g)

0.5337

0.4364

0.7205

0.7118

1138A 0.7737
1247A 0.7543

1255A 0.7814

1374A 0.8163

1379A 0.6486

1382A 0.6801

961-A 0.3817

966-A 0.3876

1 0.4229

2 0.4410

3 0.4979

4 0.4475

5 0.5225

6 0.4436

7 0.4915

8 0.4124

9 0.4980

10 0.4859

B 1.2753

C 1.8138

D 0.8790

C-2

C-3

1.4940

1.5306

W-118 0.7826

W-119(A+B) 1.5899

1134-A(W-211)0.9526
W-212-A 1.0451

W-302-B 0.9105

18

Relative

Zr'5-Nb95
Activity

7.22

14.50

1.67

2.03

Relative

Crs1
Activity

Specimen Exposure
Time

Total

(hr)

Equivalent Time
at 3 Mw

(Mwhr/3 Mw)

aloy-2

Cooling
Time

Before

Analysis (neutrons cm~^ sec"1)
(hr)

Neutron Flux at

3 Mw
n-2 ,

1210

Power

Density
at 3 Mw

(w/ml)

Distance from

Leading Edge of
First Core

Channel Coupon
(in.)

Core Channel Coupons

1457 1255 3312 4.7 1.6 3.6

1457 1255 3312

Core Annulus Coupons

9.5 3.2 1.9

1457 1255 3288 7.2 2.5 3.2

1457 1255 3288 8.7 3.0 2.5

Type 347 Stainless Steel

Core Channel Coupons

6.18 1457 1255 1968 12.3 4.2 0.1
5.43 1457 1255 1968 10.7 3.7 0.6

4.66 1457 1255 1968 9.2 3.2 1.1

2.48 1457 1255 1968 4.9 1.7 3.1

1.38 1457 1255 1968 2.8 1.0 5.1

1.20 1457 1255 1968 2.3 0.8 5.9

Core Annulus Coupons

1.11 1457 1255 2304 10.5 3.6 1.4

0.76 1457 1255 2304 7.2 2.5 3.9

Core Annulus Spacers

10.5 1457 1255 2424 11.5 4.0 1.2

10.7 1457 1255 2424 11.7 4.0 1.6
7.02 1457 1255 2424 7.7 2.7 2.0
8.19 1457 1255 2424 9.0 3.1 2.3

5.81 1457 1255 2424 6.4 2.2 2.7
7.33 1457 1255 2424 8.0 2.8 3.0
7.21 1457 1255 2424 7.9 2.7 3.4

4.90 1457 1255 2424 5.4 1.9 3.8
5.44 1457 1255 2424 6.0 2.1 4.1

4.17 1457 1255 2424 4.6 1.6 4.5

Core Body Wall

17.1 1457 1255 2424 18.5 6.5 -1.0
11.4 1457 1255 2424 12.5 4.4 0.6
4.61 1457 1255 2424 5.0 1.8 4.8

Type 309 SCb Stainless Steel

Core Annulus Coupons

0.67 1457 1255 2304 6.4

0.77 1457 1255 2304

Control Specimens

Zircaloy-2

7.3

1.0 50.0 3144 12.2

1.0 105.6 2928

Type 347 Stainless Steel

42.0

1.0 50.0 1800 12.2

1.0 105.6 1944 42.0

2.2

2.5

3.2

2.5

1.0

Type 309 SCb Stainless Steel

105.6 1944 42.0
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against the positions of the specimens. The two lines shown were obtained from least-squares analyses

of thermal-neutron flux data for stainless steel and Zircaloy-2 core coupons at various positions and for

stainless steel and Zircaloy-2 core rod coupons and stainless steel spacers. As shown, the flux in the

core channel position ranged from 12.3 x 1012 thermal neutrons cm sec" at the position of the leading

core channel coupon (0.13 in.) to 2.3 x 1012 at the position of the rear core channel coupon (5.9 in.). The

flux values in the core annulus were observed to be greater than for the equivalent core channel positions

and ranged from 10.5 x 1012 neutrons cm-2 sec-1 at the position of the leading annulus coupons (1.4 in.)
to 5.4 x 1012 at the rear of the core annulus arrays (4.3 in.). The thermal flux at the nose of the core,

located about 1.4 in. from the reactor lattice, was about 1.7 to 1.8 x 1013.

The solution fission power densities at the specimen positions were calculated by using the thermal-

neutron fluxes thus determined. The power densities, based on a value of 200 Mev for the average energy
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per fission, ranged from 4.2 w/ml for the foremost core channel coupon to 0.8 w/ml for the rear core channel

coupon; corresponding values for the core annulus coupons ranged from 3.6 to 1.9 w/ml. From the loga

rithmic-mean averages of the solution power densities in the core channel and annulus positions, an aver

age power density of 2.8 w/ml was obtained for the core solution.

During full-power operation the average fission power of the loop, obtained from beta-spectrometer

analyses for Cs137 and a value of 200 Mev/fission, was 492 w. Results of the analyses are given in Table
10, and represent the average power between samples. The average power in the core, based on these re

sults, was about 1.7 w/ml.

Table 10. Fissions in Loop Solution

Calculated Total Fission
c„ i. Accumulated Inventory Volume M -r * i c- • u-n-i-* a ioample ' Uranium Total Fissions per Milliliter Power in Loop
u, _i LITR Energy at Time of Sample r . _.. c i ..
Number "' r Concentration , Solution

(Mwhr) Analysis

L-2-10-1 0.0

-2 0.0

-3 0.0

-4 111.5

-5 170.4

-6 378.3

-7 708.3

-8 885.8

-9 1170.4

-10 1294.4

-11 1431.8

-12 1621.9

-13 1796.4

-14 2076.7

-15 2179.3

-16 2500.9

-17 2701.1

-18 2976.9

-19 3152.9

-20 3407.4

-21 3565.2

(ml at 25°C)

1023.9

1026.7

1023.7

1023.4

1023.8

1023.9

1023.4

1024.3

1023.4

1023.3

1023.2

1022.8

1023.4

1023.3

1023.3

1023.3

1022.9

1023.4

1022.2

1022.3

1022.2

Av 1023.4

(mg/ml)

10.4

10.4

10.4

10.4

10.4

10.4

10.4

10.4

10.4

10.4

10.4

10.4

10.4

10.4

10.4

10.4

10.4

10.4

10.4

10.4

10.4

15
x 10

1.61

2.60

5.41

11.3

9.31

14.7

17.0

20.1

24.7

26.3

28.8

28.8

32.6

32.6

36.4

40.0

44.9

56.5

ctedc

15
x 10

1.85

3.15

6.53

16.6

12.2

19.0

22.1

26.1

30.7

34.3

36.3

40.5

42.0

44.1

51.7

58.7

60.7

74.1

Calculated on basis of 200 Mev/fission.

Corrected to include amounts withdrawn in previous samples and for sample dilution.
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at 3 Mw (w)

452

504

471

638

376

506

465

497

515

520

476

507

458

445

472

506

484

566

492



The average combined fission and gamma heat at 3 Mw reactor power, as determined from the difference

in electric-heater power requirements with the reactor down and at full power, was 1256 w. As shown in

Fig. 9, there was no significant drift or shift of values during the run. The three curves in Fig. 9 represent

the wattage required when the reactor was operating, that required when the reactor was not operating, and

the wattage equivalent to the difference of the two curves. If, as reported for subsequent stainless steel

loops operated in the HB-2 beam hole,7 an average value of 700 w for the gamma component is assumed,

the heat in the core solution resulting from the fission component was about 1.9 w/ml.

Evaluation. —As shown in Fig. 8, the calculated values for thermal-neutron fluxes in the core of this

experiment, based on both the steel and Zircaloy-2 measurements, indicated not only the usual axial gra

dient but also a radial gradient. The average thermal-neutron flux in the core annulus appears to have been

about 25% greater than that for the specimens inside the core channel holder. This was the first experiment

in which a radial gradient has been observed. Since this was the first experiment to employ type 347

stainless steel core channel coupon holders (all previous holders were Zircaloy-2 or titanium), it is possi

ble that the high neutron-capture cross section of the steel shielded the core channel coupons sufficiently

to produce this result. Indeed, results from subsequent experiments that employed Zircaloy-2 core channel

holders and were operated in the HB-2 beam hole did not indicate radial gradients. The thermal-neutron flux

pattern in both the core channel and core annulus regions of this experiment are compared in Fig. 10 with

the thermal-flux values as determined in the previous HB-4 experiments.
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As reported above, the estimated average fission power in the core of this experiment was about 2.8

w/ml based on specimen-activity measurements and only 1.7 w/ml based on Cs137 analyses. The value

of 1.9 w/ml for the average fission power determined from measurements of the combined fission and gamma
heat represents only the fission energy absorbed within the loop. This has been estimated at about 170

Mev/fission. When the power values determined from Cs137 and from the Zr95-Nb95 and Cr51 activity
measurements are compared on a basis of 170Mev/fission instead of the 200 Mev/fission employed above,

they are about 1.5 and 2.4 w/ml respectively. The discrepancy between the activity and fission-heat re

sults may be associated with an error in the flux values determined from the Zr95-Nb95 and Cr51 induced-

activity measurements. The inclusion of cobalt flux monitors in experiments operated in the same reactor

beam hole, subsequent to the present experiment, has shown that the thermal flux based on Zr95-Nb9S

activity may be as much as 30% greater than that based on Co60. Application of this possible correction
to the 2.4-w/ml value from the activity measurements results in an average solution fission-power-density
value of 1.9 w/ml. It appears likely that the Cs137 results are in error, but the explanation for this is not
apparent.

Radiolytic-Gas Pressure. - The average radiolytic-gas pressure in the pressurizer at 3-Mw reactor

operation was 6.1 ±0.5 psi as determined by special pressure-temperature measurements before and after

reactor shutdowns, and 6.8 ±0.4 psi as determined from the partial-pressure plot. There was no statisti

cally significant drift or change in radiolytic-gas pressure during the run. The calculated molar rate con-
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The two core rod assemblies differed in their "as-removed" appearance. Rod B assembly was covered

with a rustlike scale, becoming heavier toward the low-flux end. Rod A assembly had a very much thinner

scale deposit, particularly in the high-flux regions. In addition, as can be seen in Fig. 13, four of the stain

less steel spacers (adjacent to both platinum coupons on rod A) were covered with a thin iridescent film.

This same type of film was subsequently noted on the Zircaloy-2 impact specimens located in the loop

L-2-14 core annulus.

The Zircaloy-2 and titanium core coupons had only slight amounts of scale deposit, the coupons

located in the high-flux regions having practically none.

As with previous loops the standard cathodic defilming was only partially effective; some film was

retained by the specimens after this treatment. All Zircaloy-2 in-line coupons showed weight increases or

no weight change following the final defilming.

Individual qualitative descriptions of the specimens contained in this experiment are given in Table 11.

4.4 Metallographic Examinations

Metallographic findings for this loop have been previously reported by Stiegler.5 A summary of his

findings including quotations from his report are given here.

"There was no evidence of extensive attack on the type 347 stainless steel sections from the pres

surizer heater inlet and outlet or the main loop piping near the pump outlet. However, both the inlet and

outlet sections of the pressurizer heater showed some slight penetration at the grain boundaries to a maxi

mum depth of 1 mil, and a crack approximately 5 mils deep was noted at the intersection between the base

and weld metal of the pump outlet piping. This crack can most likely be attributed to incomplete fusion

during welding and not to corrosive attack." A photomicrograph of this crack is shown in Fig. 16. "The

surface of the stainless steel core cap was rough and uneven but there was no evidence of intergranular

attack."

Corrosion estimates from thickness measurements and metallographic observations of the corrosion

coupons were in reasonable agreement with the weight loss data. A summary of dimensional measurements

and metallographic results from examination of a large group of corrosion coupons from this experiment is

given in Table 12. "The attack on types 347 and 309 SCb stainless steel coupons was of a shallow pitting

nature while the attack on the titanium-55A and Zircaloy-2 coupons was of a more generalized surface-

roughening nature. The thickness of all the coupons examined remained essentially constant along their

entire lengths, neither increasing nor decreasing notably in the clamping regions."

4.5 Quantitative Inspection of Loop

Corrosion-Specimen Weight Data. —Sample weight data, together with other pertinent information, are

presented in Table 11. Two different values for corrosion penetration were calculated for each specimen

from the weight-change data. One value is based on the exposed area of the specimen, and the other is

based on the total area. Two different corrosion-rate values are listed for each penetration value. One was

computed with total circulation time as a basis; the other with radiation time as a basis. The value for the
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Table 11. Data for Corrosion Specimens

Sample
Number

Position

Av

Flow

Velocity
Across

Specimen

(fps)

Initial

(g)

Weight Data

As Removed

(g)

Defilmed

(g)

Change
(mg)

Exposed
Sample
Area

(cm2)

Corrosion

Penetration

(mils)

Corrosion Rate3

(Exposed Area)
(mpy)

1672 hr 1255 hr

Corrosion

Penetration

(mils)

Corrosion Ratea

(Total Area)
(mpy)

1672 hr 1255 hr

Distance fror"

Front of First

Specimen to
Center of

Specimen
(in.)

Neutron Flux at

Specimen Locations
(neutrons/cmVsec x 10~]2)

Power

Density at
Specimen
Locations

(w/ml)

As Re

24 Core Corrosion Sample Coupons (total area each, 2.1 cm )

1138A 1

I245A 2

1247A 3

1251A 4

1255A 5

1372A 7

1373A 10

1374A 13

1377A 18

1379A 21

1380A 22

1381A 23

1382A 24

8.9

9.5

10.4

11.4

12.7

16.0

27.8

37.9

19.2

12.6

11.2

10.2

9.3

0.9632 0.9509 0.9503 12.9 1.57

0.9506 0.9414 0.9413 9.3 1.40

0.9531 0.9456 0.9450 8.1 1.40

0.9471 0.9405 0.9407 6.4 1.40

0.9611 0.9557 0.9558 5.3 1.40

0.9605 0.9577 0.9569 3.6 1.40

0.9520 0.9511 0.9504 1.6 1.40

0.9515 0.9516 0.9510 0.5 1.40

0.9618 0.9637 0.9609 0.9 1.40

0.9609 0.9629 0.9602 0.7 1.40

0.9600 0.9620 0.9585 1.5 1.40

0.9657 0.9681 0.9652 0.5 1.40

0.9540 0.9563 0.9533 0.7 1.57

0.41

0.33

0.29

0.23

0.19

0.13

0.06

0.02

0.03

0.02

0.06

0.02

0.02

2.1 2.8

1.7 2.3

1.5 2.0

1.2 1.6

1.0 1.3

0.7 0.9

0.3 0.4

0.1 0.1

0.2 0.2

0.1 0.2

0.3 0.4

0.1 0.1

0.1 0.2

0.30

0.22

0.19

0.15

0.12

0.09

0.04

0.01

0.02

0.02

0.04

0.01

0.02

1.6 2.1

1.2 1.5

1.0 1.3

0.8 1.1

0.7 0.9

0.5 0.6

0.2 0.3

0.1 0.1

0.1 0.2

0.1 0.1

0.2 0.3

0.1 0.1

0.1 0.1

0.13

0.38

0.63

0.88

1.13

1.63

2.38

3.13

4.38

5.13

5.38

5.63

5.88

Z80 8 18.7 0.7936 0.7757 0.7759 17.1 1.40 0.74 3.9 5.2 0.50 2.6 3.5 1.88

Z81 11 32.6 0.8033 0.7893 0.7889 14.4 1.40 0.63 3.3 4.4 0.42 2.2 2.9 2.63

Z82 14 41.9 0.7910 0.7786 0.7785 12.5 1.40 0.54 2.8 3.8 0.36 1.9 2.5 3.38

Z83 15 38.0 0.7913 0.7796 0.7794 11.9 1.40 0.52 2.7 3.6 0.35 1.8 2.4 3.63

Z84 20 14.2 0.7968 0.7866 0.7845 12.3 1.40 0.54 2.8 3.7 0.36 1.9 2.5 4.88

Ti 145 6 14.1 0.5247 0.5236 0.5228 1.9 1.40 0.12 0.6 0.8 0.08 0.4 0.6 1.38

Ti 157 9 22.1 0.5206 0.5201 0.5159 4.7 1.40 0.30 1.6 2.1 0.20 1.0 1.4 2.13

Ti 159 12 34.9 0.5382 0.5378 0.5258 12.4 1.40 0.78 4.1 5.4 0.52 2.7 3.6 2.88

Ti 161 16 28.3 0.5430 0.5430 0.5408 2.2 1.40 0.14 0.7 1.0 0.09 0.5 0.6 3.88

Ti 166 17 22.8 0.5358 0.5362 0.5333 2.5 1.40 0.16 0.8 1.1 0.11 0.6 0.7 4.13

Ti 169 19 16.2 0.5270 0.5274 0.5250 2.0 1.40 0.12 0.7 0.9 0.08 0.4 0.6 4.63

66 B

68 E

70 G

1-2 A

13-14 C

17-18 F

13.9076

13.8562

13.8789

14.9044

14.9343

14.9183

13.5549

13.5437

13.5552

14.5552

14.5756

14.5893

352.7 18.9 1.07 5.7 7.4 1.09 5.8 7.6 2.69

312.5 18.9 0.95 4.9 6.6 0.96 5.0 6.6 2.69

323.7 18.9 0.98 5.2 6.9 1.00 5.2 7.0 2.69

349.2 18.1 1.17 6.2 8.1 1.00 5.3 6.9 2.69

358.7 18.1 1.20 6.4 8.3 1.02 5.5 7.1 2.69

329.0 18.1 1.10 5.9 7.6 0.94 5.0 6.5 2.69

ainless Steel Type 347

12.28 4.2 Thin dark scale over all surfaces

11.50 3.9 Thin dark scale overall surfaces

10.74 3.7 Thin dark scale over all surfaces
9.90 3.4 Thin dark scale over all surfaces

9.21 3.2 Thin dark scale over all surfaces
7.90 2.7 Thin dark scale over all surfaces

6.35 2.2 Thin dark scale over all surfaces

4.89 1.7 Thin dull-black scale over all surfaces
3.48 1.2 Thin dull-black scale over all surfaces

2.76 1.0 Thin dull-black scale over all surfaces

2.57 0.9 Thin dull-black scale over all surfaces

2.39 0.8 Thin dull-black scale over all surfaces

2.31 0.8 Thin dull-black scale over all surfaces

aloy-2

7.35

5.85

4.69

4.32

2.98

Titanium-55A

8.52

6.80

5.42

4.01

3.72

3.21

2.5 Light-gray scale over all surfaces
2.0 Light-gray scale over all surfaces
1.6 Light-gray scale over all surfaces
1.5 Light-gray scale over all surfaces
1.0 Light-gray scale over all surfaces

2.9 Thin brass-colored film on all surfaces

2.3 Thin brass-colored film on all surfaces

1.9 Thin brass-colored film on al! surfaces

1.4 Thin brass-colored film on all surfaces

1.3 Thin brass-colored film on all surfaces

1.1 Thin brass-colored film on all surfaces

3 Core Impact Specimens

Zircaloy-2 (total area each, 19.4 cm )

7.80

7.80

7.80

3 Core Tensile Specimens

Zircaloy-2

7.80

7.80

7.80

2.7

2.7

2.7

Thin dark-gray film with interference colors on all surfaces
Thin dark-gray film with interference colors on all surfaces
Thin dark-gray film with interference colors on all surfaces

2.7 Thin light-gray film with interference colors on all surfaces
2.7 Thin light-gray film with interference colors on all surfaces
2.7 Thin light-gray film with interference colors on all surfaces

aTwo corrosion rates are presented: onebased on the total operation time of 1672 hrandthe otherbased on the total radiation time of 1255 hr (3Mwhr of reactor time equivalent to 1 hrof total radiation time).

Defilmed

machine marks visible

machine marks visible

machine marks visible

machine marks visible

s clearly visible
machine marks visible

machine marks visible

machine marks visible

machine marks visible

machine marks visible

machine marks visible

machine marks visible

machine marks visible

Some stain retained;
Some stain retaimed;
Some stain retained;
Some stain retained;
Clean; machine mark:
Some stain retained;
Some stain retained;
Some stain retained;
Some stain retained;
Some stain retained;
Some stain retained;
Some stain retained;
Some stain retained;

Thin interference film retained; surfaces have slightly etched appearance
Thin film with some scattered flakes of scale retained on all surfaces

Very thin interference film retained; machine marks visible
Very thin interference film retained; machine marks visible
Very thin interference film retained; machine marks visible

Clean; machine marks visible on all surfaces
Some slight stain retained; most of the surface appears to be clean
Some slight stain retained; most of the surface appears to be clean
Some slight stain retained; machine marks visible
Clean; machine marks visible
Some slight stain retained; machine marks visible
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Sample
Number Position

Av

Flow

Velocity
Across

Specimen

(fps)

Initial

(g)

Weight Data

As Removed

(g)

e filmed

(g)

Change
(mg)

Exposed
Sample

Area

(cm2)

Corrosion

Penetration

(mils)

Corrosion Rate0

(Exposed Area)
(mpy)

1672 hr 1255 hr

Corrosion

Penetration

(mils)

Corrosion Ratefl
(Total Area)

(™py)

1672 hr 1255 hr

Distance from

Front of First

Specimen to
Center of

Specimen

(in.)

Table 11 (continued)

Neutron Flux at

Specimen Locations
(neutrons/cm /sec x 10 }

Power

Density at
Specimen
Locations

(w/ml)

As Rei

2 Core Rod Coupon Assemblies (18coupons, 347SS rods and spacers, total area each, 3.8 cm2)

Stainless Steel Type 347

961A 1(A)
964A 3(B)
962A 5(A)
965A 7(B)
966A 8(B)
963A 9(A)

C-l 2(A)
C-3 4(B)
C-2 6(A)
C-4 9(B)

Z98 2(B)
Z96 4(A)
Z99 6(B)
Z97 8(A)

Pt3 KB)
Pt 1 3(A)
Pt4 5(B)
Pt2 7(A)

1.5985 1.5274 1.5264 72.1 3.4 0.94 4.9 6.6 0.84 4.4 5.9 1.42

1.5997 1.5942 1.5933 6.4 3.4 0.08 0.4 0.6 0.07 0.4 0.5 2.13

1.6099 1.5527 1.5509 59.0 3.4 0.77 4.0 5.4 0.69 3.6 4.8 2.85

1.6108 1.6114 1.6094 1.4 3.4 0.02 0.1 0.1 0.02 0.1 0.1 3.57

1.6107 1.6120 1.6093 1.4 3.4 0.02 0.1 0.1 0.02 0.1 0.1 3.92

1.6081 1.5804 1.5794 28.7 3.4 0.37 2.0 2.6 0.33 1.8 2.3 4.28

1.6115 1.5073 1.5047 106.8 3.4 1.40 7.3 9.7 1.25 6.5 8.7 1.78

1.5865 1.5810 1.5799 6.6 3.4 0.09 0.5 0.6 0.08 0.4 0.5 2.49

1.6262 1.5315 1.5297 86.5 3.4 1.13 5.9 7.9 1.01 5.3 7.0 3.21

1.5976 1.5990 1.5965 1.1 3.4 0.02 0.1 0.1 0.01 0.1 0.1 4.28

1.2920 1.2107 1.2104 81.6 3.4 1.31 6.8 9.1 1.17 6.1 8.2 1.78

1.3245 1.2537 1.2526 71.9 3.4 1.15 6.0 8.0 1.03 5.4 7.2 2.49

1.3170 1.2559 1.2559 61.1 3.4 0.98 5.1 6.8 0.88 4.6 6.1 3.21

1.3393 1.2892 1.2886 50.7 3.4 0.81 4.3 5.7 0.73 3.8 5.1 3.92

1.5656 1.5658 1.5647 0.9 3.4 0.005 0.03 0.03 0.004 0.02 0.03 1.42

1.5570 1.5574 1.5568 0.2 3.4 0.001 <0.01 <0.01 0.001 <0.01 <0.01 2.13

1.5662 1.5663 1.5661 0.1 3.4 •cO.OOI <0.01 <0.01 <0.00I <0.01 <0.01 2.85

1.5687 1.5701 1.5687 0.0 3.4 0 0 0 0 0 0 3.57

10.48 3.6

8.90 3.1

7.50 2.6

6.35 2.2

5.65 1.9

5.40 1.9

Stainless Steel Type 309 SCb

9.60 3.3

8.15 2.8

6.90 2.4

5.39 1.9

Zircaloy-2

9.60

8.15

6.90

5.39

Platinum

10.48

8.90

7.50

6.35

3.3

2.8

2.4

1.9

3.6

3.1

2.6

2.2

Thin dark film on flat surfaces; brass-colored film on edges
Heavy brown rustlike scale over all surfaces
Thin dark film on flat surfaces; brass-colored film on edges
Heavy brown rustlike scale over all surfaces
Heavy brown rustlike scale over all surfaces
Thin dark film on flat surfaces; brass-colored film on edges

One side covered with a heavy shiny black scale; the other with a thin dark film
Heavy flaky brown rustlike scale on all surfaces
One side covered with a heavy black scale; the other with a thin dark film
Heavy brown rustlike scale on all surfaces

Heavy flaky brown rustlike scale on all surfaces
Heavy flaky brown rustlike scale scattered on all surfaces
Heavy light-gray scale over all surfaces
Heavy flaky brown scale scattered over all surfaces

Scattered flakes of brown scale over all surfaces

Scattered flakes of brown scale over all surfaces

Scattered flakes of brown scale over all surfaces

Scattered flakes of brown scale over all surfaces

24 tn-Line Corrosion Sample Coupons (total area each, 2.1 cm2)

Stainless Steel Type 347

815A 1 8.9 0.9640 0.9672 0.9641 + 0.1 1.57

816A 2 9.5 0.9641 0.9677 0.9621 2.0 1.40 0.07 0.4 0.5 0.05 0.3 0.3

980A 3 10.4 0.9568 0.9607 0.9565 0.3 1.40 0.001 0.1 0.1 0.006 <0.1 0.1

986A 4 11.4 0.9588. 0.9610 0.9584 0.4 1.40 0.002 0.1 0.1 0.01 0.1 0.1

994A 5 12.7 0.9443 0.9492 0.9441 0.2 1.40 0.001 <0.1 0.1 0.006 <0.1 <0.1

1118A 7 16.0 0.9606 0.9657 0.9598 0.8 1.40 0.03 0.2 0.2 0.02 0.1 0.1

1119A 10 27.8 0.9520 0.9570 0.9509 1.1 1.40 0.04 0.2 0.3 0.02 0.1 0.2

1120A 13 37.9 0.9560 0.9607 0.9556 0.4 1.40 0.002 0.1 0.1 0.01 0.1 0.1

I124A 18 19.2 0.9558 0.9595 0.9556 0.2 1.40 0.001 <0.1 0.1 0.006 <0.1 <0.1

1135A 21 12.6 0.9679 0.9713 0.9677 0.2 1.40 0.001 <0.1 0.1 0.006 <0.1 <0.1

1136A 22 11.2 0.9508 0.9536 0.9493 1.1 1.40 0.04 0.2 0.3 0.02 0.1 0.2

1I38A 23 10.2 0.9653 0.9683 0.9640 1.3 1.40 0.05 0.2 0.3 0.03 0.2 0.2

1139A 24 9.3 0.9540 0.9574 b 1.57

aTwo corrosion rates are presented: one based on the total operation time of 1672 hr and the other base.d on the total radiation time of 1255hr (3 Mwhr of reactor time equivalent to 1 hr of total radiation time),
Damaged in defilming.

Heavy dark-brown scale, uniform over all surfaces
Heavy dark-brown scale, uniform over all surfaces
Heavy dark-brown scale, uniform over all surfaces
Heavy dark-brown scale, uniform over all surfaces
Heavy dark-brown scale, uniform over all surfaces
Heavy dark-brown scale, uniform over all surfaces
Heavy dark-brown scale, uniform over all surfaces
Heavy dark-brown scale, uniform over all surfaces
Heavy dark-brown scale, uniform overall surfaces
Heavy dark-brown scale, uniform over all surfaces
Heavy dark-brown scale, uniform over all surfaces
Heavy dark-brown scale, uniform over all surfaces
Heavy dark-brown scale, uniform over all surfaces

Defilmed

Clean; lightly etched appearance; some machine marks visible
Clean; lightly etched appearance
Clean; lightly etched on all exposed surfaces; more heavily etched in clamped area
Some stain retained; machine marks visible
Some stain retained; machine marks visible
Clean; lightly etched on all exposed surfaces; more heavily etched in clamped area

Clean; lightly etched on all exposed surfaces; more heavily etched in clamped area
Clean; lightly etched on all exposed surfaces; more heavily etched in clamped area
Some scale retained; generally clean; lightly etched on all surfaces
Some stain retained; machine marks visible

Uniform dark-gray film retained on rough surface
Uniform dark-gray film retained on rough surface
Uniform dark-gray film retained on rough surface
Uniform dark-gray film retained on rough surface

Clean; some scratching from handling
Clean; some scratching from handling
Clean; some scratching from handling
Clean; some scratching from handling

Some black stain retained, machine marks visible

Some black stain retained, machine marks visible

Some black stain retained, machine marks visible

Some black stain retained, machine marks visible

Some black stain retained, machine marks visible

Some black stain retained, machine marks visible

Some black stain retained, machine marks visible

Some black stain retained, machine marks visible

Some black stain retained; machine marks visible

Some black stain retained; machine marks visible

Some black stain retained; machine marks visible

Some black stain retained; machine marks visible

Some black stain retained; machine marks visible
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Sample
Number Positron

Z75 8

Z76 11

Z77 14

Z78 15

Z79 20

Av

Flow

Velocity
Across

Specimen

(fps)

•18.7

32.6

41.9

38.0

14.2

Initial

(g)

Weight Data

As Removed

(g)

efilmed

(g)

Change
(mg)

0.7861 0.7908 0.7864 + 0.3

0.8089 0.8132 0.8088 0.1

0.7888 0.7930 0.7889 + 0.1

0.7951 0.7990 0.7951 0.0

0.7860 0.7895 0.7861 + 0.1

Exposed
Sample

Area

(en,2)

1.40

1.40

1.40

1.40

1.40

Corrosion

Penetration

(mils)

0.0

Corrosion Rate

(Exposed Area)
(mpy)

1672 hr 1255 hr

0.0 0.0

Corrosion

Penetration

(mils)

0.00

Corrosion Ratea

(Total Area)
(mpy)

1672 hr 1255 hr

0.00 0.00

Ti 109 6 14.1 0.5311 0.5366 0.5297 1.4 1.40 0.09 0.5 0.6 0.06 0.3 0.4

Ti 115 9 22.1 0.5271 0.5321 0.5240 3.1 1.40 0.20 1.0 1.4 0.13 0.7 0.9

Ti 117 12 34.9 0.5286 0.5330 0.5281 0.5 1.40 0.03 0.2 0.2 0.02 0.1 0.1

Ti 125 16 28.3 0.5365 0.5411 0.5351 1.4 1.40 0.09 0.5 0.6 0.06 0.3 0.4

Ti 139 17 22.8 0.5365 0.5403 0.5349 1.6 1.40 0.10 0.5 0.7 0.07 0.4 0.5

Ti 141 19 16.2 0.5355 0.5384 0.5295 6.0 1.40 0.38 2.0 2.6 0.25 1.3 1.8

60 B

62 D

64 F

5-6

9-10

21-22

13.8377

13.7822

13.8602

14.9742

14.9834

14.9699

98.3703

99.3743

114.5164

117.2574

13.8613

18.8074

13.8850

14.9980

15.0052

14.9930

98.2340 98.1768

(This Half Damaged)

+23.6 18.9

+25.2 18.9

+24.8 18.9

+23.8 18.1

+21.8 18.1

+23.1 18.1

193.5 -160.0

-160.0

114.6385 114.4713 45.1

(This Half Damaged)
-160.0

-160.0

Distance from

Front of First

Specimen to
Center of

Specimen
(in.)

Table 11 (continued)

Neutron Flux at

Specimen Locations
(neutrons/cmVsec x 10"

Zircaloy-2

Titanium-55A

Power

Density at
Specimen
Locations

(w/ml)

As Re

Heavy dark-brown scale, uniform over all surfaces
Heavy dark-brown scale, uniform over all surfaces
Heavy dark-brown scale, uniform over all surfaces
Heavy dark-brown scale, uniform over all surfaces
Heavy dark-brown scale, uniform over all surfaces

Heavy dark-brown scale.
Heavy dark-brown scale.
Heavy dark-brown scale,
Heavy dark-brown scale,
Heavy dark-brown scale,
Heavy dark-brown scale,

uniform over all surfaces

uniform over all surfaces

uniform over all surfaces

uniform over all surfaces

uniform over all surfaces

uniform over all surfaces

3 Special In-Line Impact Specimens (total area each, 19.4 cm )

Zircaloy-2

Heavy black scale, uniform over all surfaces
Heavy black scale, uniform over all surfaces
Heavy black scale, uniform over all surfaces

3 Special |n-Line Tensile Specimens (total area each, 21 -2 cm )

Zircaloy-2

Heavy black scale, uniform over al! surfaces
Heavy black scale, uniform over all surfaces
Heavy black scale, uniform over all surfaces

Core Coupon Holder No. 8 (total area each, 160.0 cm )

Stainless Steel Type 347

Brass-colored film over front half, gradually changing to a black velvety scale on remainder
Damaged in removal operations

In-Line Coupon Holder No. 7 (total area each, 160.0 cm

Stainless Steel Type 347

Heavy dark-brown scale over all surfaces, somewhat thinner on outside
Damaged in removal operations

flTwo corrosion rates arepresented: one based on thetotal operation time of 1672 hrand theother based on the total radiation time of 1255 hr(3 Mwhr of reactor time equivalent to 1hroftotal radiation time).

Defilmed

Scattered flakes of scale retained on all surfaces; machine marks visible
Scattered flakes of scale retained on all surfaces; machine marks visible
Scattered flakes of scale retained on all surfaces; machine marks visible
Scattered flakes of scale retained on all surfaces; machine marks visible
Scattered flakes of scale retained on all surfaces; machine marks visible

Very thin light-brown stain retained; machine marks visible
Very thin light-brown stain retained; machine marks visible
Very thin light-brown stain retained; machine marks visible
Very thin light-brown stain retained; machine marks visible
Very thin light-brown stain retained; machine marks visible
Very thin light-brown stain retained; machine marks visible

Some stain retained; machine marks visible

Some scattered flakes of scale; machine marks visible
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Number

Table 12. Summary of Metallographic Examination of Corrosion Coupons

Avg Thickness

_ Position Measurement Metallographic Observations
(in.)

Type 347 Stainless Steel

1245A Core channel 2 0.059 A few isolated pits on sides; one end rough

1373A Core channel 10 0.060 Sides smooth; both ends rough and pitted

1381A Core channel 23 0.061 Two or three pits on sides; one end rough

962A Core annulus A-5 0.059 Slight isolated pitting on sides and end

964A Core annulus B-3 0.060 Slight isolated pitting on sides and ends

Type 309 SCb Stainless Steel

C-l Core annulus A-2 0.057 Rough, uneven surface; slight pitting

C-4 Core annulus B-9 0.059 A few small cracks (<2 mils) near center on one

side; two or three isolated pits; otherwise smooth

Titanium-55A

Ti-139 In-line channel 17 0.059 Smooth, no attack

Ti-141 In-line channel 19 0.058 Sides smooth; one end slightly roughened

Ti-145 Core channel 6 0.057 Sides smooth; one corner slightly roughened

Ti-159 Core channel 12 0.055 Pits (< L mil deep) near center of one side; other

wise smooth

Zircaloy-2

Z-82 Core channel 14 0.060 Sides slightly roughened; ends smooth; one corner

eroded

Z-84 Core channel 20 0.059 Sides roughened less than Z-82; ends smooth

Z-97 Core annulus A-8 0.058 All surface roughened; no localized attack evident

Z-77 In-line channel 14 0.060 All surfaces smooth; no film visible

Table 13. Corrosion Penetration Factors

Density Factor

Materia (g/cm ) (mg of material per cm per mil penetration)

Type 347 stainless steel 8.02 20.37

Type 309 SCb stainless steel 8.02 20.37

Zircaloy-2 6.5 16.51

Titanium-55A 4.54 11.53

Platinum 21.45 54.48
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tensile specimens, based on "as-removed" weight changes, were observed to vary from 6.6 to 7.6 mpy and

6.5 to 7.1 mpy respectively. All six of these specimens were exposed to the same average solution fission

power density, 2.7 w/ml. Although the impact and tensile specimens were not defilmed, it is believed that

little scale was retained and that the corrosion rates are reliable. As shown in Table 11 cathodic defilming

of other "as-removed" Zircaloy-2 specimens resulted in very small weight changes. The above data are

given in Table 11 and are shown in Fig. 17 as a plot of corrosion rate vs the solution fission power

density at the specimen positions. Shown for comparison is the range of corrosion rates observed for the

Zircaloy-2 core coupons from all previous in-pile loop experiments.9 As mentioned above, these previous

loop experiments were exposed in the LITR beam hole HB-4 with 0.17 m UO.SO, solutions at 250°C.
z 4

Zircaloy-2 CC coupon Z-81 and CA coupon Z-98 were submitted for analysis for hydrogen content

after the usual defilming procedure. The specimens were reported to have contained 44 and 23 ppm H,,

respectively, quantities approximating the nominal content for Zircaloy-2 material.10 The estimated pres
sure of radiolytic gas in the main-stream solution, in which these coupons were immersed, was about 30 psi.
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With the exception of one coupon, all in-line channel coupons from L-2-10 showed either no weight

change or weight increases following defilming. These increases ranged from 0 to 1.5 mg/cm . The ex

ception, a coupon exposed to an average solution velocity of 33 fps, exhibited a weight loss following de-

filming corresponding to about a 0.02-mpy corrosion rate. All six in-line tensile and impact specimens ex

hibited weight increases, in the "as-removed" condition, of from 0.9 to 1.1 mg/cm .

Titanium-55A. — Corrosion rates of 1.4 and 3.6 mpy were observed for two of the six titanium-55A

CC coupons. These specimens were exposed to solution fission power densities of 2.3 and 1.9 w/ml, and

the average solution velocities across the coupons were 22 and 35 fps. Corrosion rates for the other four

coupons were all less than 1 mpy. These specimens were exposed to solution fission power densities

ranging from 1.1 to 2.9 w/ml and solution velocities ranging from 14 to 28 fps. The average rate for the

six coupons was 1.2 mpy. There were no CA coupons of this material in the experiment.

Corrosion rates for the six Ti-55A in-line channel coupons were observed to vary from 0.1 to 1.8 mpy.

The average solution velocity across these coupons also varied from 14 to 35 fps. These data are given in

Table 11. The corrosion rate data for the CC coupons are compared in Fig. 18, as a plot of corrosion rate

vs solution fission power density, with those obtained previously for Ti-55A CC coupons in the HB-4 ex

periments, EE, L-4-8, and L-4-12. Also shown are the corrosion rate data for the Ti-llOAT and Ti-130AM

core coupons exposed in loop L-4-11.

2 3 4

SOLUTION FISSION POWER DENSITY ( w/ml )

Fig. 18. Corrosion of Titanium-55A Core Channel Coupons.
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Platinum. — The four platinum CA rod coupons corroded very slightly. The observed rates varied

from 0 mpy at 2.4 w/ml solution fission power density to 0.03 mpy at 3.6 w/ml. There were no platinum

specimens in the line channel coupon array. All core specimens were clean and shiny when weighed.

Cathodic defilming appeared to have removed all traces of film, and the corrosion results are considered

reliable within the weighing limitations ( ±0.2 mg/cm ). These data are given in Table 11.

Types 347 and 309 SCb Stainless Steel. — Corrosion rates for the 13 type 347 stainless steel CC

coupons varied from 0.2 mpy at 0.8 w/ml solution fission power density to 2.8 mpy at 4.2 w/ml. The aver

age solution velocity across these specimens varied from 9 to 38 fps. These data are given in Table 11

and are shown in Fig. 19. The average solution velocity past a given specimen is indicated in the plot in

parentheses where it was greater than ~ 1.
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Three rod coupons of type 347 stainless steel, contained in CA coupon assembly B, exhibited corrosion

rates that were about the same or somewhat less than those observed for the CC coupons. The three

specimens on the other rod coupon assembly, A, in the core annulus exhibited appreciably higher rates:

from 2.6 mpy at 1.9 w/ml to 6.6 mpy at 3.6 w/ml solution fission power density. Each rod coupon assembly

also contained two coupons of type 309 SCb stainless steel. The observed corrosion rates for these speci

mens were, in each assembly, somewhat greater than those exhibited by the type 347 stainless steel rod

coupons. These data are given in Table 11 and are shown in Fig. 19.

The in-line channel specimens of type 347 stainless steel exhibited a maximum rate of 0.45 mpy, and

the average rate for the 13 specimens was 0.18 mpy. The rates for these specimens were not affected by

variation in the average solution velocity from 9 to 38 fps. The average rate value is plotted in Fig. 19 at

zero power density.

5. SUMMARY AND DISCUSSION OF RESULTS

5.1 Zircaloy-2

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

corrosion effects by Jenks. For convenience, the conclusions from that discussion which are pertinent

to the present experiment will be summarized here.

As reported by Jenks, the Zircaloy-2 data from this experiment, as well as all other 280°C in-pile

loop and autoclave experiments, can be expressed by the following equation:

\/R =2.23/Pa+ \/K , (1)

where

R = corrosion rate, mpy,

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

K = 40 mpy,

a= factor by which the effective power density is greater than the solution power density due to

uranium sorption near or on the corroding surface and which varies only with solution composition

and solution velocity.

Average corrosion rates (based on total specimen area and length of exposure at 3 Mw) for the five

CC and four CA coupons contained in this experiment are shown in Fig. 20 as a plot of the reciprocal of

corrosion rate vs the reciprocal of solution fission power density. Shown for comparison is a line represent

ing the Zircaloy-2 CC and CA corrosion data from two subsequent 280°C experiments, L-2-14 (0.17 m

U02S04, 0.15 mCuS04, 0.4 mH2S04) and L-2-1913 (0.17 mU02S04, 0.02 mCuS04, 0.10 mH2S04, 0.20 m
LLSOJ. There was probably a negligible effect from sorbed uranium on the specimens from experiments

L-2-14 and L-2-19, and hence an a value of 1 was assumed for these data.12 As shown in Fig. 20, the

data from these two experiments extrapolated to a value of 40 mpy at infinite power density, and the CA

data from the present experiment also fall near the straight line which is drawn arbitrarily through the
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same point on the ordinate. The value of 6.9 for a was calculated by employing Eq. (1). It was estimated

from comparisons with the results of analyses of specimens from a subsequent experiment, L-2-17,14 that

the low-velocity (~1 fps) CA coupons in the present experiment sorbed about 20 /xg of uranium per cm2. In

the absence of any heavy scale the calculated a value for this amount of sorbed uranium and for a 0.04 m

U02S04 solution is about 6, based on fission-recoil energy deposition; and on this basis the experimental
value of 6.9 for a for these specimens appears reasonable.

As shown in Fig. 20, the average corrosion rates exhibited by the Zircaloy-2 CC specimens were

appreciably less than the rates observed for the CA specimens. This difference is ascribed to a beneficial

velocity effect in which the amounts of sorbed uranium are reduced by the rapid flow of solution past sur

faces. The average rates plotted were calculated by assuming that the corrosion penetration indicated by a
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specimen weight loss was uniform over the entire surface of the specimen. However, it appears probable12

that as a result of lower velocities past covered surfaces, the uranium sorption (and hence the corrosion

rates) was greater on covered than on exposed surfaces. Estimated corrosion rates for the exposed portions

of the CC coupons were calculated by assuming equality between the rates on covered surfaces and on the

low-velocity CA specimens at the same power densities. The resulting values, represented by the circles

in Fig. 20, are lower than the average rates but are still greater than those expected for a = 1 (L-2-14 and

L-2-19). However, the proper correction for corrosion on covered surfaces is uncertain, and it is possible

that an a value of 1 prevailed for the high-velocity specimen in the convergent section of the channel.

The ratio of the solution velocity at the wall to that in the center of channel holders such as those

employed in this experiment depends upon the included angle and decreases with increasing values of the

angle. The removal of uranium or other material from a specimen surface probably depends upon the ve

locity near the surface, and thus it is expected that the beneficial effects of a given average solution ve

locity decrease with increasing value of the angle. This is assumed to be the explanation for the relatively

high a value exhibited by the specimens in the divergent section of the holder.

It should also be mentioned, although not shown in Fig. 20, that the corrosion rates observed for the

impact and tensile specimens located in the core annulus are in close agreement with those for the CA cou

pons at similar power densities and the same average velocity.

As mentioned above, the in-line coupons were covered with scale in the "as-removed" condition.

However, as shown in Table 11, differences in the "as-removed" and defilmed weights for these coupons

varied from only 1.2 to 0.9 mg/cm . Zircaloy-2 in-line specimens from previous in-pile loop experiments

have exhibited greater scale retention. The coupons from this experiment exhibited either very slight cor

rosion rates or weight increases following defilming.

5.2 Titanium-55A

The results obtained with Ti-55A coupons in this experiment show that, with the exception of the one

channel specimen which was exposed to a high velocity (Fig. 18), the CC specimens corroded at about the

same average rates as the LC (in-line) specimens (0.7 mpy average in-line vs 0.8 mpy average CC excluding

the one high-rate specimen). Also, no significant effect of local solution fission power density on the cor

rosion rates of the CC specimens was apparent. For this experiment, the in-line and low-power-density

specimens apparently had only very small amounts of retained scale, so that the rates calculated from the

results of weight measurements are considered exceptionally reliable. The conclusions regarding the in-

pile corrosion of titanium which are drawn from these results are:

1. The corrosion of titanium is accelerated during in-pile exposure by some change which occurs through

out the solution under irradiation, so that surfaces in and out of the core are affected to about the same

extent.

2. Fission-recoil irradiation of a surface, as well as direct exposure to solution in which fission is

occurring, has no appreciable effect on the rate except that the susceptibility to an adverse velocity ef

fect may be increased.
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These conclusions are not supported entirely by the data obtained in prior 250°C loop experiments

shown in Fig. 18. The general trend of these prior data indicate a small increase in rate with increasing

power density. However, at the generally low rates prevailing for titanium, it is likely that the previous

results were affected appreciably by retained scale. Since there was usually more retained scale on sur

faces near the rear of the core (low power densities) and at in-line positions than at the front of the core,

the lower-power-density specimens may have exhibited less weight loss (lower calculated rate) than the

high-power-density specimens at the same corrosion rate. It may be noted that results obtained in

subsequent 280°C loop experiments L-4-16 and L-2-15 support the above conclusions.

It should be pointed out that the rate values plotted in Fig. 18 are based on total area. For those

specimens which were adversely affected by solution velocity, the rates on the exposed surfaces were

probably nearer those calculated using exposed rather than total area, since the covered surfaces of a

specimen were exposed to essentially stagnant solution. The calculated rates based on exposed areas are

listed in Table 11. They are about 60% greater than the total-area rates.

5.3 Stainless Steel

In general, steel corrosion in the core of the different experiments has shown some wide variations,

and no correlations of data have been accomplished from which steel behavior under a given set of condi

tions can be confidently anticipated. The in-line steel corrosion in loops has been consistently low and

about the same as that found in out-of-pile exposure. Corrosion in the core is influenced by the reactor

radiations.

Over-all Corrosion Rate of Steel, from Oxygen and Nickel Data. —The average over-all rate of steel

corrosion in the loops was 0.35 mpy based on oxygen uptake data, 1672 hr of in-pile operation, and total

area of steel wetted by high-temperature solution. Based on data for nickel in solution, the comparably

calculated value was 0.2 mpy. On the basis of radiation time of 1252 hr, the over-all rates were 0.47 and

0.27 mpy from oxygen and nickel data respectively. Both oxygen and nickel data indicated that the actual

corrosion rates decreased slightly during the course of the exposure, the nickel data indicating the greater

decrease. No appreciable differences were noted between rates of oxygen uptake during reactor up and

down periods. However, the latter were of relatively short duration, and the rates during these periods

were not accurately determined. Nickel data for the corrosion during down periods were obtained only during

the 190-hr period prior to the initiation of irradiation. During this period, the amounts of corrosion deter

mined from oxygen and nickel data were in near agreement.

An estimate of the total steel corrosion based on specimen weight losses in the core and in-line

positions has been made, but the result is considered to be of small significance because of the wide dif

ferences in corrosion between the specimens located in different portions of the core and the resulting un

certainty in the estimate of the corrosion suffered by the core walls. This estimate of total steel corrosion

was made as follows: It was assumed that the core channel coupon holder corroded at the average rate

calculated for the type 347 stainless steel CA coupons, and that pressurizer, pressurizer lines, pump,
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main circulation lines, in-line stainless steel fittings, and in-line channel coupon holders corroded at the

same average rate as the LC coupons. On this basis the total stainless steel weight loss in the experiment

was computed to be 7.8 g, which is equivalent to about 2340 cc(STP) of oxygen.

During in-pile exposure 1730 cc of oxygen was taken up by processes other than corrosion of titanium

and zirconium alloys. An additional volume of about 850 cc was taken up during preparatory operations.

Thus, if it is assumed that oxygen was taken up only in corrosion, the oxygen data show that 8.6 g of steel

was oxidized, an amount about 10% greater than that estimated from specimen weight data. The nickel data

indicate a total of about 6.8 g of steel oxidized during the preparatory and in-pile operations (2.8 and 4.0 g,

respectively).

The difference between the values for steel oxidation determined from nickel and oxygen data is

probably explained by loss of nickel from the solutions resulting from sorption of this element on the various

corrosion product oxides. Analyses of scales recovered from subsequent loop experiments have shown that

nickel is a constituent of the scales.

Corrosion of Steel in Regions Outside the Core. —The maximum corrosion rate of steel specimens in

the in-line channel positions was 0.45 mpy, and the average rate for the 13 specimens was 0.18 mpy (based

on radiation time and exposed area). These rates were not affected by variations in average solution ve

locity from 9 to 38 fps. Metallographic and visual examinations did not reveal any areas of significant lo

calized attack outside the core, and there is no reason to suspect that localized corrosion attack occurred

at some undetected location.

Corrosion of Steel in the Core. —The plot of the core-specimen data shown in Fig. 19 shows that the

average rate of attack of those channel specimens exposed to power densities above about 2 w/ml increased

with increasing fission power density in an apparently regular fashion. Below about 2 w/ml, the rates were

near those for the in-line channel specimens. No effect of varying solution velocities in the range 9 to 38

fps is apparent for these CC specimens.

As also shown in Fig. 19, the type 347 and 309 SCb steel specimens on rod A corroded at much higher

rates than the channel specimen, while those on rod B corroded at somewhat lower rates. Explanations that

have been considered for these differences include differences in (1) temperature, (2) uranium sorption due

to differences in solution velocity, (3) galvanic effects, and (4) solution composition. Explanations (1) and

(2) are believed unlikely, because Zircaloy-2 specimens located on the two different holders corroded at

similar rates at similar power densities. Zircaloy-2 corrosion is sensitive to the temperature and amounts

of uranium sorbed, and it seems unlikely that the temperature and sorption conditions could have differed

enough to influence relative corrosion of steel without affecting the relative corrosion of Zircaloy-2. Ex

planation (4) was considered because the probable flow pattern was one in which entering solution con

tacted specimens in the upper half of the core (rod B) before reaching those in the lower half (rod A). The

solution bathing specimens on rod B would thus contain lower concentrations of some short-lived fission

products than that bathing rod A. This explanation is now believed unlikely because of the consideration
that while channel specimens were exposed to solution which must have had long core residence times on

the average, their rates were no greater than those on rod B. Explanation (3) appears the most likely at
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present, although the mechanism causing a difference in galvanic action between the specimens on the two

different holders is not understood. (Each array included equal numbers but different arrangements of speci

mens of platinum and stainless steels.)

5.4 Solution Stability

Some rather wide fluctuations occurred in the reported concentration of various solutes. It is believed

that these resulted from sampling and analytical errors. No evidence of solution instability was apparent

within the probable accuracy of the data.
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