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FOREWORD

The purpose of the Reactor Technology Reports issued by
the Knolls Atomic Power Laboratory is to report to industry
many unclassified developments in reactor technology.

The KAPL-2000 series is issued periodically, with a dif-
ferent area of technology reported in each issued. The areas
covered are Metallorgy, Engineering, Chemistry, and Physics.
This issue, KAPL-2000-19 (Reactor Technology Report No. 22),
contains information in the area of Chemistry.

Reactor Technology Reports No. 1 through 3, each of which
covered all four areas of technology, were issued as KAPL-1770,
-1803, and -1868.

KAPL-2000-19
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I. ANALYTICAL CHEMISTRY

THE EMISSION SPECTROCHEMICAL DETERMINATION OF SEVERAL RARE EARTH ELEMENTS
AND THORIUM IN STAINLESS STEEL DA DelGrosso

Introduction

The addition of certain rare earth elements that have high thermal
neutron absorption cross sections, to stainless steel, has created an
interest in the determination of residual rare earths and thorium in
stainless steel.

The direct spectrographic determination of rare earths in stainless
steels has been generally regarded as impossible, because the complex
spectra of the alloying elements have prevented the identification and
measurement of the trace rare earth elements. It is, therefore, necessary
to perform prior separations to avoid these interferences. Similar
problems of interference were encountered by Scribner and Mullin' in
determining rare earth elements in uranium metal and uranium compounds.
Short and Dutton2 and later Hirt and Nachtrieb3 developed successful
spectrographic procedures for determining rare earth elements in
uranium and its compounds. In each case, the separation of the rare
earth elements was obtained by using an ether extraction; precipitation

of the rare earths as a fluoride, and finally as a hydroxide precipitation.

A procedure for determining cerium and lanthanum in stainless steels
is described in the manual the Eberbach Corp.4, distributes with its
mercury cathode apparatus. This apparatus is identified as the Dyna-Cath.

A paper by Spitz, Simmler, Fields, Roberts and Tuthill5 describes
a procedure based on the electrolytic removal of the stainless steel's
constituents by the mercury cathode and subsequent chemical separations,

leaving a residue suitable for spectrographic analysis. Essentially the
same procedure is described in this paper for the separation of the rare
earth elements from stainless steels, with certain modifications to

obtain greater sensitivity of detection.

Preparation of Standards

Standards are synthesized by the addition of varying amounts cf

Rare Earth Spex Mix *to high-purity yttrium oxide. Equal amounts of

*Rare Earth Spex Mix and Mixer/mill are both available from Spex
Industries, Inc., P.O. Box 98, Scotch Plains, New Jersey.

KAPL-2OOO-19I .1



I.2

standard and 100-mesh graphite powder are weighed into a plastic vial and
mixed in a Mixer/Mill.* The standards range in concentration from 0.001
to one percent to each rare earth element in yttrium. Thorium is included

by the addition of weighed amounts of pure thoria to the standard oxides.

Concentrated HCl

Concentrated
Concentrated

HNO3
HC10 4

Concentrated H2503

1% HC10 4 wash

Concentrated H2 SO4
Precipitation carrier

Concentrated HF

10% HF wash

Polyethylene ware

H2 C2 0 4 precipitating
solution

1% H2 C 2 04 wash

- Reagent grade, 12N hydrochloric
acid

- Reagent grade, 15N nitric acid
- Reagent grade perchloric acid

70% by weight
- Reagent grade, sulfurous acid

6% by weight
- 1 ml of 70% perchloric acid per

100 ml of distilled water
- Reagent grade, 36N sulfuric acid
- Solution of 5 g yttrium per liter

of 1N nitric acid
- Reagent grade, hydrofluoric acid

48% by weight
- Solution of 10 ml concentrated

HF per 100 ml prepared in a
polyethylene container

- Polyethylene beakers from high -
temperature polyethylene or
polypropylene

- Solution of 100 g reagent grade
oxalic acid per 100 ml in hot
distilled water

- Solution of 1 g reagent grade
oxalic acid per 100 ml in
distilled water

ELECTROLYTIC AND CHEMICAL SEPARATION PROCEDURE

Dissolution

Weigh a one gm sample of stainless steel turnings or chips into a
400-mi Pyrex beaker, and dissolve the sample in 10 ml of concentrated HCl,
10 ml H20 and 5 ml of concentrated HNO3 . When dissolution is complete,

*Rare Earth Spex Mix and Mixer/mill are both available from Spex
Industries, Inc., P.O. Box 98, Scotch Plains, New Jersey.

KAPL-2000-19
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allow the solution to cool and add 10 ml of 70 percent HC104, then allow
it to evaporate and fume until red perchlorate salts are visible. Cool
and carefully add 40 ml of water; heat to boiling. Add 10 ml of 6 percent
H2S03 ; digest on shaker hot plate for 15 minutes. To remove insoluble
residues, filter the hot solution through a Whatman No. 40 filter paper
to which filter pulp has been added. Wash the precipitate with a hot
one percent HC10 4 solution.

Electrolysis

Adjust the volume to 100 ml and transfer to a Dyna-Cath cell contain-
ing a 35-ml charge of mercury. Electrolyze for one hour at a current of
20 amp, or to the disappearance of the greenish color upon the removal of

the alloying constituents.8 At the completion of the electrolysis, with
the current left on, drain the electrolyte into a 400-ml Pyrex beaker.
Rinse the cell thoroughly with distilled water, and add washings to the
beaker.

Concentration and. Precipitation

Add 3-ml concentrated H2SO4 , place on hot plate, and fume to remove

most of the HC10 4. Cool and transfer quantitatively to a polyethylene
beaker. Add 2 ml of the yttrium precipitation carrier and add 25 ml of
concentrated hydrofluoric acid (HF) to ensure the complete precipitation of
the yttrium and rare-earth fluorides. Digest the solution on a steam
bath for one hour. The finely divided fluoride precipitate to which ash-
less filter pulp has been added is filtered through a S and S No. 589 red
label filter paper into a polyethylene funnel. Wash the precipitate
thoroughly with the 10 percent HF wash solution. Transfer the filter
paper to a 75 ml platinum crucible and ignite gently over an open flame.
Do not ignite strongly, or difficulty will be encountered later in dis-
solving the precipitate. Dissolve the precipitate in 2 ml H2SO4 , place
on hot plate and fume to decompose the fluorides. Dissolve the sulphate
salts in 1N HCl. Transfer the solution to a 400 ml Pyrex beaker. Rinse

platinum crucible with 1N HCl transfer rinse to beaker, and adjust volume to
90 ml. Place beaker on shaker hot plate and-heat to boiling. Add 10 ml of
hot oxalic acid precipitation solution. Allow to digest for one hour
and cool overnight. Filter through S and No. 589 red label filter paper.
Wash the precipitate with a one percent oxalic acid wash solution.
Transfer to a platinum crucible and ignite, gently at first, and then in
a muffle furnace at 900C for four hours. Weigh and retain the ignited
oxides for spectrographic analysis.

SPECTROGRAPHIC PROCEDURE

The spectrographic procedure for the determination of Th, Ce, Dy, Gd
and Sm in yttrium is similar to the method originally developed by Hettel

KAPL-2000-19



I.4

and Fassel.7 The method is based on a direct-current arc of an yttria-

graphite mixture. Weigh equal amounts of yttria and 100-mesh graphite

powder into a plastic vial and mix in a Mixer/Mill. Weigh 10 0.2 mg

of prepared sample into each of two 101-L (Available from United Carbon

Products Co., Bay City, Michigan) electodes. Arc the electrodes as

described in Table I.1. Arc in duplicate at least one standard on each

plate of unknowns. Develop the plate and read the lines listed in

Table 1.2. Convert the percent transmission readings to intensity

values by means of a calibration curve drawn from 2-step data by the

preliminary curve method.8 Compute the intensity ratios and read percent

rare earth element in yttrium from working curves drawn as log intensity
ratio vs log concentration. These results may be calculated to ppm in
stainless steel through the use of this formula:

.n 10 (% REM in Y) (mg Y)
ppm REM in SS =-

g of sample

The analysis range may be changed by varying either the amount of yttrium
carrier or the size of stainless-steel sample used.

Discussion

In this investigation, the stainless steel used contained silicon,
niobium and tantalum in addition to the alloying constituents normally
found in stainless steel. Since these three minor constituents remain
in the insoluble residue after dissolution of the metal sample, no inter-
ferences were encountered by their presence in the stainless steel.
This procedure could also be applicable without major changes to a wide

variety of other stainless steels containing various alloying elements.

Various measured amounts of rare-earth elements and thorium in

standard solutions were added to one-gram samples of stainless steel.

The samples were then taken through the complete separation procedure,

and the rare earth elements and thorium analyzed spectrographically. The
amounts of these elements added and recovered are listed in Table 1.3.
In the construction of the original working curves for the determination
of the rare-earth elements and thorium in yttrium, the method of trial

additions9 was used to determine the residual concentrations of these

elements in the yttrium. In the case of cerium and samarium, the
residual concentrations were found to be 0.02 and 0.01 percent, re-

spectively (equivalent to 2 ppm and 1 ppm in one gram of steel). These

values are, therefore, listed as the amounts of cerium and samarium
"added" to the four blank runs.

In general, it is noted that rare-earth element recoveries are high,
with an average apparent recovery of over 110 percent. This effect may

KAPL-2000-19
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TABLE I.l. SPECTROGRAPHIC CONDITIONS
FOR RARE-EARTH ELEMENTS IN YTTRIUM

Spectrograph
Wavelength range

External optics

Photographic plate
Upper electrode

Lower electrode

Sample charge
Excitation

Exposure
Development

Bausch and Lomb dual grating; 10 u slit.
: 3250-4250A, first order of the 30,000

line/in. "B" grating.
: Standard B and L, 146 mm reflecting

optics, with the "B" transmission
filter set at 12% T. Two-step 100/36%
T neutral filter at the slit.

: Spectrum Analysis No. 1, 4 x 10 in.
: 3/16 x 2-1/2 in. pure graphite, rounded

on both ends; cathode
UCP-101L; 1/4 x 1-1/4 in. necked pure

graphite electrode; anode. The cup is
0.136 in. diam and 3/16 in. deep. The
electrode is identical to the ASTM
electrode S-13.

Weighed; 10 0.2 mg (Y 203 : graphite = 1:1).
: 7 amp d-c are, 2.4 mm arc gap. Controlled

atmosphere excitation using the Stallwood
Jet with Enclosed Arc Chamber.* The
atmosphere is a mixture of 20% 02 + 80% A
and is fed to the are chamber at a rate
of 5 liters/min.

: No pre-arc; 3-min exposure.
: Standard technique using D-19 developer.

Available from Spec Industries, Inc., Scotch Plains, N. J.

be due to imperfect knowledge of the residual rare earth elements in the
yttrium carrier or perhaps to experimental bias present in the particular
set of analyses. On the other hand, of course, the actual presence of
trace quantities of the rare earth elements in steel may be the explana-
tion.

Future development work is being planned for determining the recovery
of thorium in stainless steel. In addition to this, we will also be
striving for a more accurate means of determining the residual rare-earth
impurities in yttrium.

KAPL-2000-19



I.6

TABLE I.2. ANALYTICAL LINES

Element and

Filter step

Ce,
Dy,
Gd,
Gd,
Sm,
Th,

Y,

36%
100%
100%
100%
100%

33%
36%

Wave Length A

4012.39

3407.80
3422.47
3350.48
3382.41
4019.14

3377.71

Range in Y

(%)

0.01 - l
0.002 - 0.2

0.002 - 0.2
0.005 - 0.5
0.005 - 0.5
0.02 - 1

Internal

Range in SSA

(ppm)

1 - 100

0.2 - 20

0.2 - 20

0.5 - 50

0.5 - 50
2 - 100

Standard

The range in stainless is based on using a one
gram sample of stainless steel and 10 mg of

yttrium precipitation carrier.

TABLE I.3. RECOVERY OF RARE-EARTH ELEMENTS

Impurity

added (ppm)

recovered

mean

added (ppm)
recovered

mean

added (ppm)
recovered
mean

added (ppm)
recovered

mean

added (ppm)
recovered

mean

2.0
3.0,2.6,3.1,3.1

3.0

0
<0.4,<0.4,<0.4,<0.4

<0.4

0
<0.4,<0.4,<0.4,<0.4

<0.4

1.0
1.4,0.5,1.4,1.3

1.2

4.0
4.8,4.3,3.5

4.2

6.7
6.3,6.9,7.4,7.1

6.9

4.7
4.5,5.4,5.2,4.9

5.0

4.7
4.9,5.1,5.2,5.3

5.1

5.7
6.1,7.0,5.8,6.4

6.3

14.0
12.6,12.4,13.1

12.7

11.3
8.7,10.7,10.8

10.1

9.3
9.4,10.9,11.3

10.5

9.3
10.8,10.8,11.3

11.0

10.7
9.6,11.8,11.9

11.1

44.0
46.4,45.7,47.8

46.4

KAPL-2000-19
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DETERMINATION OF TRACES OF METALS IN SOLUTION BY X-RAY FLUORESCENCE

ANALYSIS JR Ciaranello

Introduction

Since its advent as a powerful analytical tool, X-ray fluorescence
spectroscopy has been used mainly in the determination of the major
constituents of alloys, ores, and similar materials. Refinements in
apparatus and technique make it possible to use the X-ray method for
determining traces of elements in a wide variety of materials. A recent

example is the method developed in this laboratory, for the determina-
tion of traces of metals in solution. 1 The elements investigated were

iron, nickel, chromium, manganese, cobalt, and zirconium, present in
parts per million of aqueous solution, with iron predominant.

Solutions of this nature are generally analyzed by colorimetric or
emission spectrographic methods. Colorimetric procedures are accurate
and reliable, but because they depend on sequential analyses, are
laborious and time consuming. Emission spectroscopy provides a more

rapid means for the analysis of dilute solutions, but accuracy is poor,
the analysis often being inaccurate by 100 or 200 percent. Experience
in this laboratory shows that X-ray spectroscopy approaches colorimetry
in accuracy and compares favorably with emission spectroscopy in speed

and convenience. No prior chemical separations are required, although
it is necessary to concentrate the elements by a sample preparation
step which is, however, simple and rapid and easily adapted to a variety
of aqueous solutions. The sample preparation technique developed1

insures a minimum of interelement interferences (absorption and enhance-
ment effects).2  Moreover, background intensities are low, so that

maximum peak-to-background ratios are obtained. Thus it is possible to

achieve the following sensitivities: chromium-2y, manganese-57, iron-5y,

cobalt-2y, nickel-2y, zirconium-27. These are the minimum amounts of
the metals that can be determined with a reasonable accuracy (10 to
20 percent).

Preparation of Mounts for Counting

Transfer a suitable aliquot of the sample (or standard ) to a 50 ml
beaker, add 0.5 ml of gelatin solution (0.6 percent), make a barely
alkaline solution with 5M KOH solution, and add a few extra drops of KOH.

Boil for one minute, then allow the solution to digest for 15 min before

filtering through a 24-mm Millipore filter disk with gentle suction.
Wash with 25-ml hot ammonium chloride solution (one percent). Transfer
the Millipore disk to an aluminum adapter (Figure I.1) and dry in a

vacuum desiccator. Mount the Millipore disk in a specimen holder between
two sheets of 0.25 mil Mylar film (Figure I.2). (An alternative method

of mounting, using the aluminum adapter, can be used (Figures 1 and 3).
One method should be chosen and used exclusively.)
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TABLE I.4. ANALYTICAL OPERATING CONDITIONS

Apparatus

X-ray tube
Tube voltage
Tube current
Counter

Voltage to counter

Analyzing crystal
Collimators
Atmosphere

Gas flow (A+CH 4 )
He flow

Norelco Vacuum X-ray Spectrograph

Mo target

60 kv
50 ma

Flow proportional (Fe, Ni, Cr, Mn, Co)
Scintillation (Zr)
1525 V* (flow proportional counter)

700 V* (scintillation counter)
Lithium fluoride
0.02 in. (exit port); and 0.005 in. (counter)
Air** (Fe, Ni, Mn, Co, Zr)

He (Cr)
0.5 cu ft/hr

0.5 cu ft/hr

This is a tentative value. The actual voltage for each
element should be established by pulse-height analysis.
A helium atmosphere can also be used.

X-Ray Spectrographic Procedure

Place the specimen holder in position in the X-ray spectrograph.
Measure the peak and background intensities for each element with the
fixed count method, adjusting the scale factor so that the time is between
75 and 125 sec. The instrumental operating conditions are listed in
Table I.4.

The goniometer settings are given in Table I.5. At least two intensity
measurements at each 2 8 angle should be made.

Calibration

A series of mixtures of known compositions were synthesized from
standard solutions of the metals prepared from spectrographically pure
metals. A typical series is shown in Table 1.6.

For each of these standards, a Millipore filter mount was prepared by
using the method previously given. Intensities above background were then
determined for each element, making it possible to prepare a family of
calibration curves with intensity in counts per second versus the amount
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TABLE I.5.

Element

Iron K

Nickel Ka

Chromium Ka

Zirconium Ka

Maganese Ka

Cobalt Ka

GONI CETER SETTINGS FOR MEASURING PEAK
AND BACKGROUND INTENSITIES3

Degrees
2 8 Angle, Peak

51072

48.61

69.29

22.51

62.91

52.74

Degrees
2 e Angle, Background

49.72
53.72

47.11
50.11

67.29
71.29

21.01
24.01

61.41
64.41

51.76
53.72

TABLE I.6. TYPICAL
FOR CALIBRATION.

STANDARD MIXTURES USED
WEIGHTS IN MICROGRAMS

Element

Iron
Nickel
Chromium
Manganese
Cobalt
Zirconium

Standard I

200
10
10
10

5
5

Standard II

400
20
20
20
10
10

Standard III

600
30
30
30
15
15

Standard IV

800
40
40
40
20
20

in micrograms. It was necessary to make a blank correction for iron,
nickel, and chromium.*

*For greatest accuracy corrections should also be made for inter-
element effects, particularly in the cases of nickel, cobalt, and chromium.
To determine these corrections, vary the amount of iron while holding the
minor constituents constant. See Reference 1.
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Results

A summary of results obtained with actual samples analyzed by this
method is given in Table I.7.

Conclusions

The method described above is an improvement over existing methods
since it is more rapid than sequential colorimetric analysis (by a
factor of 3 or 4) and more accurate than emission spectrographic methods
(by a factor of 5 or 10). Sensitivity is high, and in some cases may be
higher than with colorimetry. For example, assume that we are required
to analyze 10 ml of a solution containing: Fe-30 ppm, Cr-0.5 ppm, Mn-0.5
ppm, Zr-0.5 ppm, Ni-0.2 ppm, and Co-0.2 ppm. By colorimetric procedures
it would be almost impossible to determine all these elements, even by
the most sensitive and painstaking methods. Emission spectroscopy would
also be inadequate. However, the problem would be routine if the X-ray
fluorescence method were used.. The entire sample. would be precipitated
and counted.

The procedure described can also be used for many elements besides
the ones given. Indeed, any element that can be precipitated as the
hydrous oxide can conceivably be determined in this manner. It is true
that the method described depends upon the presence of iron to serve as
a carrier. However, if iron is also present in low amounts, a carrier
can easily be added. Examples of determinations carried out in this
laboratory, and of different carriers used, are: iron in chromate
solution, with zirconium carrier; uranium, with aluminum carrier;
zirconium, with indium carrier; cobalt, and nickel, with titanium carrier.
This does not exhaust the possibilities as far as carriers are concerned.

Moreover, it seems possible that other group precipitants could be used
to advantage to determine elements that are not readily precipitated as

the hydrous oxides.
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TABLE 1.7. ACCURACY OF THE X-RAY FLUORESCENCE
PROCEDURE - ACTUAL SAMPLES

Colorimetric
Result

Element y

Iron 360
205
420
240
595
441
590
643
432

Nickel 32.0
50.2
29.1

45.3
15.5
16.6
16.0

Chromium 20.0
10.0
11.1
8.5

19.3
24.0

Manganese 25.0
51.0
5.5

17.7
5.1

20.6

Cobalt 2.8
7.2
5.5

16.2
3.2
5.9

Zirconium 8.4

3.3
8.0

19.9
3.9

The average of the
absolute values.

X-Ray
Result

7

340
200
400
215
625
453
628
595
440

35.0
54.0
30.0
42.0
16.5
16.0
17.5

19.0
9.3

12.0
8.3

20.8
25.0

23.5
46.0

5.6
18.9
4.8

19.3

2.2

7.8
6.0

15.5
3.5
5.3

8.3
2.8

8.3
20.5
3.7

Deviation of X-Ray Result
from Colorimetric Result

7

-5.6
-2.4
-4.8

-10.4
+5.0
+2.7
+6.4
-7.5

+1.9

+9.3
+7.6
+3.1

-7.1
+6.5
-3.6
+9.4

-5.0
-7.0
+8.1
-2.4
-7.8
+4.2

-6.0
-9.8
+1.8
+6.8
-5.9
-6.3

-21.4
+7.9
+9.1
-4.3
+9.3

-10.2

-1.2
-15.2
+3.8
+3.0
-5.1

individual deviations, calculated from the
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DETERMINATION OF OXYGEN IN ZIRCALOY BY FAST NEUTRON ACTIVATION D Dutina

Introduction

The concentration of oxygen in Zircaloy is one of the factors which
has considerable influence on that alloy's physical properties. An
accurate and precise estimation of its concentration is essential if a

product of specific physical properties is required. The concentration
region of primary interest is between 1000 and 5000 ppm. The most commonly
employed method for making this analysis at the present time is the inert
gas fusion technique' as applied to Zircaloy by Elbling and Goward.2 The
precision of this method is reported to be 6 percent in the previously
mentioned concentration range. (Precisions quoted in the present work
will all be at the one-sigma confidence level.)

A method of improved precision would be highly desirable, especially
when the analysis is performed to test whether samples of Zircaloy conform
to specifications for oxygen concentration. This would reduce the number
of cases in which the decision to accept or reject material is made un-

certain by the imprecision of the measurement. In addition an alternate,
independent method for oxygen determination would be valuable both as a
backup to the present technique and as a referee method in cases where
conflicting results are reported on a given sample by different laboratories.

Miller3 suggested a neutron activation technique as a means of independently

determining the oxygen concentration in Zircaloy. This paper reports the
results of experiments designed to test this approach.

Discussion

The basis of the proposed method is the activation of oxygen by fast
neutrons to nitrogen-16 [O'"(n,p)N' 8 ] and the determination of this 7.4
sec isotope by gamma scintillation counting. The fast neutrons required
to effect the activation are produced in a Cockcroft-Walton accelerator

(Texas Nuclear Corp., Model 150 KV-IHD) by the bombardment of tritium
with deuterium [H3 (d,n)He4). Since the inception of this work, two
papers describing the determination of oxygen by this technique have
appeared in the literature.4'5 Although these determinations were made
in media other than Zircaloy, much of the discussion presented in these

papers is applicable to our work. Consequently reference is made to them

for background material, and the discussion that follows is limited to

those aspects of the technique which are peculiar to the analysis of

Zircaloy and to the use of our activation and counting equipment.

Essentially the analysis consists of three steps: (1) irradiation

of a weighed sample; (2) counting of the N'6 produced; (3) conversion of
the counting data to an oxygen concentration.
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1. The first step, irradiation, is relatively straightforward
and brief details are given in the first part of the Ex-
perimental section of this report.

2. The decay of N'6, the reaction product, is accompanied by
the emission of 6.1 and 7.1 Mev gamma rays.8 This is the
only nuclide produced by the irradiation of Zircaloy
whose decay is accompanied by the emission of such highly-
energetic photons. Thus by counting only in the high
energy portion of the gamma spectrum, it is possible to
determine the N16 in the presence of the other induced
activities without recourse to separation.

The sensitivity of the oxygen measurement depends directly
upon the ability to count N16. Both the short decay period
of the isotope and the low counting efficienty of scintil-
lation detectors for such high energy photons tend to
decrease the sensitivity for N' 6 detection. The second
part of the Experimental section is devoted to a descrip-
tion of the techniques employed to selectively count the
high energy spectrum and to maximize the counting ef-
ficiency in the high energy region.

3. The concentration of the sought-for element in an irradiated
target may sometimes be calculated from the observed count-
ing rate of the induced activity and a knowledge of the
incident flux, the reaction cross section and the decay
scheme of the activity. More often, however, because of
uncertainties in these values, a comparison technique is
employed; the activity induced in the unknown is compared
directly with that obtained for a standard sample irradiated
simultaneously in the same flux. Because of the short
half-life of N'6, it is not practical in the present case
to irradiate two samples at once. Therefore a modification
of this comparison technique, in which a calibration factor
for the system is determined experimentally, was substituted.
This factor, expressed in terms of a counting rate of N'6

per unit weight of oxygen for a known flux exposure, is then
used to convert the N' 6 counting rate (normalized for flux)
observed in an unknown sample to an equivalent weight of
oxygen. To insure the validity of the calibration it is
necessary that the oxygen standard be spread uniformly
throughout the matrix, since the flux is not uniform across
the target area; that the standard be surrounded by a matrix
which matches that of an actual sample in order to avoid the

effects of self-absorption; and finally that provision be
made for normalizing the flux. These needs can all be
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satisfied by dispersing the oxygen standard uniformly
through a Zircaloy matrix. Part 3, ("Flux"--) Experimental

section, discusses the preparation of the oxygen standard,

the actual means of calibration and the determination
of flux.

Experiments were performed to determine whether the:method is truly re-

sponsive to the oxygen present, to establish the methods precision and
to provide data for comparison with the inert fusion method. These experi-
ments consisted of a series of'repetitive measurements on samples con-
taining varying but known oxygen consent ations,' as .well as a measurement on a
sample typical of those, of. interest. Since these experiments are largely an
expansion of the calibration procedure, they are treated below along with
the latter subject. The results obtained and the conclusions to be drawn
from them are presented in the last two sections of this report.

Experimental

Irradiation

Druing the course of the work explained in this report a one-curie
titanium-tritium target was used. The generator was operated at a beam
current of 220 pa, and at an accelerating voltage of 125 kv. This produced
a fast flux of "~5 x 107 n/cm2 per sec.

The irradiation container (bunny) is a polyethylene cylinder 1/2 in.
in diam and 2-1/8 in. long which is closed with a tightly fitted poly-
styrene plug. Transfer of the sample to the flux zone and from there to
the counter is via a pneumatic tube system.? Irradiation time is clocked
automatically. The arrival of the "bunny" in the counting geometry auto-
matically actuates a count of a preset interval. The elapsed time from

the end of irradiation to the start of count is also clocked automatically.

Counting

Counting was performed using a RIDL (Radiation Instrument Develop-
ment Laboratory, Model 1l4A) single-channel analyzer. The shorter resolv-
ing time, which leads to lower counting losses, makes this instrument
preferable over a multichannel machine when dealing with samples of high
over-all count rate such as those encountered here.

The analyzer was adjusted to a gain of ~80 Kev per volt, which gives

an energy range of 0 to 8 Mev. Measurement of the N 6 was made by counting
all the pulses above ~3.8 Mev. The exact setting was determined by using

a pulse generator (Mercury Switch Pulser Model N-101, Hamner Electronics

Co.) in conjunction with a 256-multichannel analyzer (Radiation Counter
Laboratory, Model No. 20609). The gamma spectrum of N1 6 was obtained on

KAPL-2000-19



I.17

the analyzer. The size pulses necessary to bracket the photopeak were
noted (approximate energy range 3.8 to 8.0 Mev); these pulses were then
fed into the single channel to calibrate it. The rapid decay of the N6

photon prohibits direct calibration of the single-channel instrument.

To increase the sensitivity of counting a pair of 3 x 3 in. NaI(Tl)

crystals were used simultaneously for photon detection. A mixing circuit
was designed to combine the outputs of the two photomulipliers is dis-
cussed by Helmholz.3 The crystals were mounted on either side of the
terminal of the pneumatic tube, with the whole arrangement housed in a
cadmium-lined lead fort to reduce background count rate.

Flux Normalization, Standard Preparation, Calibration and

Experimentation

Flux Calibration. At present we are not equipped to make con-

tinuous flux measurements, we determine flux levels when required by the
separate activation of aluminum. The use of the zirconium already present
in the samples was suggested as an internal flux monitor.3 Zirconium is
activated to 4.4 m Zraem by fast neutrons [Zrao(n,2n)Zraem] ; gamma rays
of 0.59 and 1.5 Mev are emitted. The specific activity of Zr emso
induced in the sample is, of course, proportional to the incident flux.
We accomplish flux normalization by measuring this specific activity in
each sample and standard irradiated, and by adjusting the observed N 8

counting rate to an arbitrarily chosen specific activity. The Zresm
counting rate is measured in the same system employed for the N6 counting.
The counts above 0.4 Mev are obtained at exactly four minutes after
irradiation. The specific activity is expressed in terms of the counts
so obtained per unit weight of zirconium in the sample. All irradiation
times were constant (30 sec) and all sample weights were equal (9.5 gm).

Materials. The standards of oxygen normally used in the inert

fusion method are U308 , Ag20, and Zr02. We chose Zr02 for this work
because no new elements, which are potential sources of interference,
would be introduced and because of the alloy's ease of preparation. Our
Zr02 was prepared by igniting high-purity zirconium chips in a muffle kept
at 950C for 12 hr. The chips were contained in a Vycor crucible. Based
on weight charge, our material contained 25.81 percent oxygen as compared
to a theoretical value of 25.97 percent. Analysis of the product by
inert fusion technique gave 26.69 percent.

For reasons stated previously, it is necessary to disperse the oxygen

standard uniformly through a Zircaloy matrix to insure reliable calibra-

tion. An oxygen-free sample of Zircaloy would be desirable for this
purpose to avoid a large blank correction, but one was not available.

The best sample available had a concentration of ~1400 ppm (inert fusion

value). To be sure that the uncertainties in determining this blank did
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not have any appreciable effect on the calibration value, sufficiently
large amounts of oxygen were added to the Zircaloy during calibration to
override the blank.

Calibration and Experimentation. To calibrate the analysis it
is only necessary to run a single oxygen standard and a diluent blank

through the procedure. A whole series of such runs was made, however,
since this appeared to be the best way to obtain the data necessary to
test the entire method. The following procedure-was followed. Weighed
portions of zirconium oxide and Zircaloy powder were combined and
thoroughly mixed in the irradiation bunny. Six standard samples ranging
in oxygen concentration from ~2000 to ~50,000 ppm were prepared. In
each, the total sample weight was kept constant at 9.5 gm, the amount

required to nearly fill the bunny. In addition to these six samples, one
bunny contained the diluent alone, and a final one, filled with N2 gas,
served as a blank for the oxygen present in the container material. Each
of the samples was analyzed six times as described in the following
section.

Procedure

A 9.5 gm sample is weighed into the irradiation container which is
then placed in the pneumatic tube. The neutron generator is put into
operation and when the desired neutron emission rate is obtained, the
sample is transferred into the flux. After 30 sec of irradiation, the
sample is transferred to the counting fort and the generation of neutrons
stopped. The entrance of the sample into the fort starts a 20-sec count
on the analyzer, which is set to accept pulses >3.8 Mev. Two minutes
after irradiation a background count is taken for 20 sec. The analyzer

is then adjusted to accept pulses >0.40 Mev, and at four minutes after

irradiation a one minute count is taken. This is followed at six minutes

by a one minute background count taken after the sample has been removed

from the counter. A blank, consisting of an empty irradiation container,
is run through the identical process except for the final pair of counts,
at a setting for pulses >0.4 Mev.

The difference between the first two counts is the number of N1 6

counts per 20 sec. This is converted to a counting rate per minute at

the end of irradiation. The counts for the blank are treated similarly.

The counting rate for the blank is subtracted from that of the sample to
give a net N16 counting rate at the end of irradiation (Nx). The dif-
ference between the third and fourth counts is the count rate per minute
for Zrsem. This is divided by the weight of zirconium in the sample to
give the Zr89m specific activity (Yx). From the calibration value for

the system, which is in terms of counts per minute of N 6 per mg of oxygen

(Ns) at a measured Zr89m specific activity (Ys), the mg of oxygen in the
unknown (0) can be calculated from the relationship:

KAPL-2000-19



I.19

The concentration of oxygen in the sample in ppm is then the mg of oxygen
times 103 divided by the sample weight in grams.

Results

Table 1.8 shows the results obtained for the series of experimental
runs.

TABLE I.8.

Oxygen
Conc. (ppm)
(x 10'3)

~60
30
16
8.1
4.8
3.0
1.4

EXPERIMENTAL RUNS

Net NA"
Counts/mir.

(c/n)

1682
869
426
231
100

44.9
70.1

Calibration
Factor

c/m g0O

3.205
3.324
3.261
3.637
3.108
2.859

Precision

(la)

3.46
4.10

3.59
3.14
7.95

21.1

9.6

Counts per minute at the end of the irradiation normalized for
flux. The counts for the diluent blank have been subtracted.
Diluent blank sample. Value is that obtained by inert fusion
method.

These data show that at the higher levels of oxygen concentration, e.g.,
10,000 ppm or greater, the precision of the method is approximately 3.5
percent; at lower concentrations, where interest is greatest, the precision
is probably no better than 10 percent. The result most pertinent to a
consideration of the precision to be expected for an, actual analysis is
that shown for Sample 7, in Table I.8; the diluent Zircaloy, because its
nominal oxygen concentration is typical for the samples to which the
method would be applied in practice. Also, as in the case of an actual
sample, there is no necessity for making a large "diluent blank" correc-
tion. It should be remembered that for all the remaining samples, the
N16 counting rate tabulated above includes a correction for the count-
ing rate observed for Sample 7.
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As proof that the method is truly responsive to the oxygen concentra-
tion, it must be demonstrated that there is a direct proportionality be-
tween the amount of oxygen present and the counting rate of N'6 observed

under constant conditions of irradiation. The results obtained at the

three highest levels of oxygen concentration-were chosen to test this re-

lationship. The amount of added oxygen in these samples is higher by a
factor of 10 than the diluent blank corrections Thus, the large error
associated with the latter value would not be expected to significantly
affect these results. An F test was applied to the ,calibration factors

obtained from these three samples to determine whether the three groups
of six results each were the same. The test showed that the results are

not significantly different; F with 2 and 15 degrees of freedom was 1.22,
a value which could be exceeded by chance alone with probability >0.2;
thus our results are consistent with proportionality between the oxygen

content and the N'6 counting rate. It should be pointed out that this
statistical test, which compares the variance within groups with that
between groups, is not completely valid in circumstances where there is
correlation among the results. Correlation may be induced, for example,

where a common correction is applied to each value, as is true in the

present work.

However, since these common corrections (e.g. diluent blank) are

quite small for the three levels of 0 considered, the validity of this

test is not seriously compromised. The relationship between the added

oxygen and the N'6 counting rate can perhaps be better illustrated by a
graphical presentation. This has been done by plotting the data in
Figure I.4. Although, for the reasons discussed previously, the data at
the lower oxygen concentrations are expected to have poorer precision,
they have nevertheless also been plotted here for completeness.

A final result to be garnered from the data is a comparison between

the fusion method and the one described. Using the mean of the calibra-
tion values at the three highest oxygen levels, 3.265 c-n/rg and the
counting rate for Sample No. 7, it can be calculated that the diluent
Zircaloy contains 21.47 mg of'oxygen. This corresponds to a concentration
of 2260 ppm for the 9.5 gm sample. The value obtained by inert fusion
analysis is 1400 ppm.

Conclusions

The results presented above show that the presence of oxygen in
Zircaloy can be determined by fast neutron activation. They show too that

under the described experimental conditions, the precision of the deter-

rination at the concentration levels of interest is no improvement over
that obtainable by the presently accepted method. It has been observed,

however, that the activation technique is capable of a significantly
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improved precision (approximately 3.5 percent) at oxygen levels higher

(10X) than those normally encountered.

It is believed that the poorer precision at the lower oxygen con-
centrations is due to errors in measuring the low count rates of the N6

produced. It follows,therefor that were it possible to increase the
count rates by a factor of 10 for samples of low oxygen concentration, it
might be possible to increase phe precision to the l3.5percent observed

for the high...concentration samples. We have recently purchased a five-
curie tritium target to replace the one-curie target used in the present
experiment. It is expected that by using it and also increasing the

beam current, a tenfold rise in neutron flux may be possible. The N'6
produced is directly proportional to the flux. The counting rate of N'6

would be increased by the same factor for any given oxygen level. Thus;

the prospect for attaining improved precision for the determination of

oxygen by activation over that attainable by inert fusion is promising.
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However, it is not recommended that this possibility be tested until
the discrepancy between the results obtained by the two methods is re-
conciled. It was noted that the inert fusion value for the diluent
Zircaloy sample is 1400 84 ppm, while the activation method gave
2260 200 ppm.

Two possible causes for obtaining high results by activation are:
the production of some nuclide other than N'8 in the Zircaloy which emits
gamma rays in the energy region being measured and which has a similar
half-life; and, the production of N6 by another reaction, for example by
the n, a reaction on fluorine--19.

The first possibility is virtually eliminated by carefulexamination
of compilations of nuclear data which show no likely suspect.' The second

cause is a distinct possibility. The cross section for this reaction is
not well-known but is on the order of 100 mb, 8 a factor of approximately
five higher than the 40 mb cross section quoted for the Die (n,p)N' 8

reaction.

The fluorine content of the Zircaloy was expected to be low. However
in trying to reconcile the difficulty under discussion, our sample of
Zircaloy was analyzed for fluorine by a pyrohydrolysis-colorimetric tech-
nique and found to contain 40 20 ppm fluoride. Based on the cross

section data, each ppm of fluorine would produce as much N6 as 2.5 ppm
of oxygen. Thus if the Zircaloy actually contains 60 ppm fluorine, the
reaction would be the same as if 150 ppm of oxygen were present. This
would account for a large part of the discrepancy between the two results.
However because of the uncertainties in the F19 to N'8 reaction cross
section, it is planned that some brief experiments be performed to actually

determine how much N16 from this source is produced under our irradiation
conditions. Also, analyses for fluorine concentration should be performed
on several different sources of Zircaloy to show whether the present
sample is representative or not.

If the results of these experiments confirm the hypothesis that
fluorine is causing erroneously high results for oxygen, additional work
on the activation method should not be considered. If the fluorine is
not the cause of the discrepancy, both methods should be examined exten-

sively for sources of error, since the possibility must then be enter-
tained that the problem lies with the standard inert fusion method.
Obviously such a possibility should be checked. Further work should be

continued with the activation method if the error is not ascribed to it,

since it potentially affords a more precise determination.
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DENSITY EQUIPMENT FOR LARGE SAMPLES AC Titus

Introduction and Summary

Densities of solid objects, several feet in length, and weighing up
to 3 kg, were needed to a very high accuracy for certain calculations.
These objects were weighed in air with a very large balance, and also
weighed suspended under deionized water of checked density in new extra-
large size equipment. A glass enclosed, water-jacketed, water-bath

system allowed inspection of samples to insure absence of buoyant air
bubbles. This extended into another decade of weight the procedure
normally limited to samples of up to 200 gm. This normal procedure employs
the conventional jar of water or a small water-jacketed bath, under one
beam of an ordinary analytical balance. The very large samples allowed

roughly a tenfold precision increase, to about 1/60,000. A 192-gm
quartz standard, checked against various pure water samples and usable
on both balances, allows accuracy to about the same degree when used to
standardize water baths. Thus a metallic sample of density around six
would be evaluated to five significant figures. Naturally air buoyancy
corrections of weights of objects, and also calibrations of the brass

weights, fractional weights, riders and chains, and other such steps were

necessary.
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Equipment

The glass water-vessel system is more difficult to construct than
that which would ordinarily be used with, for instance, a 150-gm metal
sample of approximately a foot in length. The need was for an extremely
strong balance still capable of weighing to better than a milligram, and
yet of sustaining the heavy load on each pan. A massive wooden structure
was built for holding and manipulating the water-jacketed bath, and as a
foundation for the balance on it. The latter is so high above the floor,
to be over the bath, that the operator must sit on a five foot step-
ladder. Simple mechanisms were necessary for tilting the water vessel
system so that the large samples first could be put in without disturb-
ing the balance, and then would be weighed at the resumed vertical

position. The general mechanism includes a bees-waxed metal slide, to
move the bath out of the way to allow "dry" weighings of the hanging
sample.

Quartz Standards

The density of the deionized water was checked against quartz stand-
ards, which were checked against different type water samples to obtain
their densities relative to the water. An earlier fused quartz standard
weighed 28 gm, and there was also a still earlier crystalline quartz
standard weighing about 17 gm, while the latest and by far most satis-
factory fused-quartz standard, a rod about two feet long, weighed 192 gm.

This quartz standard has about 90 cc water displacement. In the
weighing operations, use of this standard allows an accuracy of about
1/60,000, considering weighing errors (wet) to be one or two mg. Weighings
are influenced by surface tension effects on the 15 mil diam tungsten
wire now used in the suspending system at the water level, and by slug-
gishness due to damping in water. A correction for buoyancy of air, with
a nominal value for the air's density, was always made. But the effect

of dry-weight errors with such a large volume of quartz, due to air
density changes, was also largely avoided and will be considered later.

Details of Construction and Operation

Figure I.5 shows the equipment including a 36-in. scale, at a stage
where a vacuum is to be applied, by means of a desiccator cover and a dry
neoprene gasket on ground-glass surfaces, to expand and help remove excess

air as bubbles from the liquid. This is a step that under other conditions
occurs more slowly as the temperature rises or after standing for a long

time. The ~300 lb load of water and glass was easily tipped on the wooden

rockers, as shown, before the evacuation step and while inserting samples.

The overhead pulley arrangement aided the sample-handling process. Re-

moval of bubbles on samples also is carried out using such a lifting process.
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A 64-mil diam nichrome wire extends from the left side of the balance

through a hole in a special pan, down through the balance base and balance
drawer, and through the plexiglas plate and wide glass tubing into holes
in the hardwood of the balance table. Connection is made from the terminal
hook of the nichrome wire to the object being studied, by using a double
hook sling. The latter consists of the previously mentioned 15-mil tung-
sten wire with nichrome hooks on each end. The tungsten is kept at the
same immersion level for both the wet-weighitg tep for the object, and
for a weighing that is made with the sling alone:

The inner bath of deionized water is surrounded by pump-circulated
water in a closed system. This water comes from a thermostat in an adjoin-

ing room. The apparatus was often operated without thermostat bath control

or connection before a later-discussed, successful, seal was made between

outer and inner tube vessels. This earlier method just allowed a slow
water-temperature drift of the local system with the water at near room
temperature.

Even with the newer good seal to hold the pumped water under enough
pressure to allow fast flow, it is not necessary to set the large thermo-
stat at a particular temperature when operating close to room temperature,
because of the slow temperature drift. However operations well above

room temperature utilize the thermostat bath in operations, but there is
a later-discussed lag in temperature -between thermostat and local bath.

The outer tube for circulating water was made by sealing sections of
8-)/4 in. O.D. glass tubirg end-for-end. The inner bath. was similarly con-
structed from 7 in. tubing. Each bath was a few inches over five feet
long. The seal was made after some of the density work was done on
metal pieces, and was constructed by first using a soft rubber-tube fitting
in a depression in the inner tubing made originally to hold a shelf on
the inner side. Onto this was poured a melted black wax (Black Jack,

M 405-5, and AO Mark), which penetrated the butt-ends area a little. This
made a good seal, but was too soft,'and ultimately broke under water pres-
sure. On top of this melted red "sealing wax" 'as poured followed by the
same kind of material in green form ("American Express Wax"). These
harder waxes held the softer sealant in place, although the green one
alone should be sufficient for this purpose. At times, particularly when

tilted so that warm water touched the rubber butt-ends region, and while

a vacuum was being applied, an external leak appeared opposite to the
place where the water touched, and seemed to originate at the butt-ends

area. It could easily be resealed by use of a tool used in the original
construction, an electric soldering iron thin enough to be inserted in
the wax between the large glass tubes, causing a segment to melt and on
cooling to repair the seal where the tube leaked externally. The tempera-

ture gradient was about 0.2 deg for the length of the inner tube when
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the room was about 20C and the thermostat about 30C, although the bath tem-
perature was about one degree below the thermostat temperature because of
about 25 ft of rubber tubing from the thermostat both to the local bath.

Discussion

This complete equipment enables attainment of the ~1/60,000 accuracy
mentioned, for the largest (3 kg) samples, while the 192-gm quarts stand-
ard standardizes the water to allow accuracy to about this limit. This

is better than ordinarily obtained with the smaller quartz standard
pieces, where apparent small errors during wet weighings cut down the

accuracy to about 1/10,000, as shown during calibrations against different
pure water samples. The same errors would have about 1/10 this effect for
the largest quartz standard.

The author's simple and time saving "Universal Air Buoyancy Correc-
tion Graph" (using a nominal 1.2 mg/cc air density) was used to cut down
buoyancy errors which would otherwise, using apparent weights, sometimes

approach 1/1000. The improvement is to about 1/10 of the error resulting
from using the apparent weights only. Furthermore, by getting a definite
density value for air during some of the vulnerable dry weighings of the
quartz, and by making many weighings on different days, the dry weight of
quartz is approached by another factor of ten (so as to be to about 1 mg).
However, results from the large and from the analytical balance are
slightly different. By correcting for balance-arm inequalities of each
balance, these weights are made comparable and do check.

An element of superiority resulting from the use of fused quartz,

compared to crystalline quartz, for a standard for water baths is that
the former has about 1/40 of the density change response to temperature

change. This almost eliminates the need for a correction in the volume
value of the quartz standard when used at a different temperature from
that at which it was calibrated, whereas with crystalline quartz the co-
efficient of expansion is large and also varies with direction.

In precise density work, weight calibrations, particularly of the
very large weights, are necessary to insure weighings to the precision
desired. For instance one 1000-gm brass weight, of the large weights set,

had a correction of about 85 mg.

One of the most severe complications in the wet weighings is the

ease with which the quartz or metal sample collects bubbles from the

water. The effect of this air on the density of the larger volume of
water is generally negligible, but when it transfers to the sample its

volume effect is multiplied. This air is stirred-in when pouring the
water, or is found as excess air in the water as the water comes from the

tap (deionized water). Unless sufficient time is allowed for this super-

saturation to disappear or unless preevacuation removes it, the sample
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will accumulate more and larger bubbles. They will again disappear on
long standing, however, going back into the water if it cools or ulti-
mately into the air. Even with evacuation, the expanded bubbles are easy
to see but hard to detach. Often this detaching can be expedited by re-
leasing the vacuum and momentarily lifting the materials out to allow the
contracted, but still visible, bubbles to break. Also, water just nor-
mally saturated with air at 20C will become supersaturated and cause
trouble when heated to 30C.

Acknowledgment - D. A. Falkner for difficult glass blowing and assistance
in construction and erection of the over-all mechanical equipment de-
scribed in this report.
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II. CORROSION CHEMISTRY

CORROSION OF INCONEL IN 550F DYNAMIC LITHIATED WATER
CF Cheng, CL Crenshaw, HL Tymchyn

Introduction

Inconel is suitable as a structural material in high-temperature water
systems because it possesses excellent mechanical and welding properties,
because it can be formed, and because it shows excellent resistance to
chloride stress cracking at high temperatures. Evaluation of Inconel
(product of International Nickel Co.) for this application requires knowl-
edge of its corrosion characteristics in high-temperature dynamic
water. Data are also needed on the corrosion resistance of Inconel under
off-water chemistry conditions as might occur, for example, by concentrat-
ing mechanisms resulting from localized boiling. Corrosion data on high
nickel-alloy weld overlays and weld joints are also needed, since these ma-
terials could be used in the high-temperature system.

A series of test programs utilizing a dynamic test loop was under-
taken to provide Inconel corrosion data. Test coupons were exposed to a
dilute solution of lithium hydroxide (pH 10) (lithiated water) at 550F with
flow velocities of 15 and 30 ft/sec. The solution also contained 20 cc of
hydrogen/kg of H20. The results and conclusions of these corrosion tests
are summarized under three types of corrosion phenomena: General Corrosion,
Stress Corrosion, and Crevice and Galvanic Corrosion.

General Corrosion

The initial, steady-state, and average corrosion rates for Type 347
stainless steel and Inconel of various compositions, heat treatments, and
surface finishes have been determined. All materials showed a steady-
state corrosion rate of less than 1 mg/dm2-mo after 2000 to 3000 hr expos-
ure. Since the experimental error in these tests was considered to be
about 1 mg/dm2-mo, the effect of variations in composition and treatment
could not be determined from the steady-state corrosion rate. Therefore,
the initial corrosion rate (0 to 2000/3000 exposure hr) was used to make
the following observations;

1. Effect of Initial Hydrotest. A hydrotest was performed to
determine if the loop was satisfactory for operation. We
found that initial exposure of Inconel to the Off-water chem-
istry conditions of the hydrotest, and subsequent exposure to
lithiated water, did not affect the magnitude of the initial
corrosion rate. However, the length of time necessary to
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reach a steady-state corrosion rate increased from 2000 to

3000 exposure hr.

2. Effect of Velocity. There was no difference between the cor-
rosion rate of Inconel exposed to water at 15 ft/sec and
Inconel exposed to water at 30 ft/sec.

3. Effect of Composition. There was no significant difference
in the corrosion rate of Inconel because of the variation
of carbon and chromium content in the range of 0.02 to 0.10
percent carbon and 13.4 to 16.2 percent chromium. However,
an increase in the iron content may prolong the initial cor-
rosion period of Inconel.

4. Effect of Cold Work. Inconel that was stress-relieved after
60 percent cold rolling and machining (63 max).had a lower
initial corrosion rate than Inconel that was not stress-
relieved after 60 percent cold rolling and machining (63p
max). An even lower corrosion rate was found for- Inconel
that was mill-annealed, machined (63p max), and reannealed.

5. Effect of Heat Treatment. There was no significant differ-
ence between the corrosion rates of Inconel that was annealed
and Inconel that was annealed and stress-relieved. However,
this latter heat treatment may not be desirable, since the
surface that has only been annealed has less chance of prefer-
ential intergranular corrosion as compared to the annealed
and stress-relieved surface.

6. Effect of Surface Finish. A significantly lower (at the five
percent significance level) average corrosion rate was found
for Inconel with an annealed, stablized, stress-relieved, or
pickled surface than for Inconel with a cold-worked, belt-
abraded, machined (63p max), or vapor-blasted surface.

7. The Corrosion Rate of Inconel Compared to that of Type 347
Stainless Steel. In the case of the machined and annealed
surface, we found a significantly higher initial corrosion
rate for Type 347 stainless steel than for reference Inconel.
We found no direct correlation between (descaled) corrosion

rates and metal release rates calculatedfrom weight gain data.
In fact, many calculated metal release rates were negative.
We think this may be due to deposition of corrosion products
from other parts of the system. When corrosion rates are
relatively high, release rates are greater than the deposi-
tion rates, resulting in a net positive metal release rate.

However, when the corrosion rates are relatively low, the

release rates are less than, or equal to, the deposition
rates, resulting in net negative or zero metal release rates.
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Stress Corrosion

The following materials were tested for resistance to stress-cor-
rosion cracking:

Wrought Alloys
Inconel
Cast Inconel
BP-85 weld metal

Weld Overlays on Carbon Steel
InCo A wire, 1st layer
Inco A wire, 2nd layer
BP-85, 1st layer

Type 308 stainless steel, 2nd layer
Weld Joints

Inconel/Inconel with 132 electrode
Inconel/Inconel with InCo 62 wire
Inconel/304 stainless steel with InCo A
Inconel/304 stainless steel with InCo A

electrode
wire

U-bends of these materials exposed to the test conditions for 4880 hr
showed no evidence of stress-corrosion cracking at 100X magnification.

Crevice and Galvanic Corrosion

The following pairs of materials
and galvanic corrosion:

1. Inconel (annealed)

Inconel (annealed and stress
relieved)

2. Colmonoy No. 5 (machined)

3. Inco A wire weld overlay
(machined)

4. Stellite 6B (ground)

were tested for resistance to crevice

vs Inconel (annealed)
vs 308 stainless-steel weld over-

.ay machinedd)
vs Zircaloy-2 (pickled)

vs Inconel (annealed and stress
relieved)

vs Colmonoy No. 5 (machined)

vs 305 stainless-steel weld over-
lay (machined)

vs Stellite 6B (ground)
vs Haynes 25 (machined)

These crevice and galvanic specimens showed no sign of accelerated
attack when examined at 30X magnification.
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DEPOSITION AND RELEASE OF INCONEL CORROSION PRODUCTS
NS Bushey, C Groot, NE Jones

In the analysis of corrosion data from coupons exposed in the KAPL
TF-65 loop, an attempt was made to calculate release rates using the
weight gain (weight after corrosion, minus initial weight), the metal loss
(initial weight minus, descaled weight), and the metal content of the
oxide (computed as 76.5 percent). Such release rateswere negative, show-
ing that the weight gains were greater than would be calculated from the
metal losses.

Inconel has the nominal composition 77 percent Ni, 16 percent Cr,
7 percent Fe. If we assume the following corrosion reactions

3 Fe + 4H20 - Fe3 0 4 + 4H2

Ni + H20 - NiO + H2

2 Cr + 3H20 - Cr203 + 3H2.

100 gm of Inc onel should produce:

97.9 gm NiO, 23.4 gm Cr2O3 , 9.'7gm Fe304

or a total of 131.0gmcombined oxides.

In other words, the weight gain should be 31 percent of the metal
loss. Actually, the weight gains average 82.3 percent of the metal loss.
Clearly, something has been added to the corrosion product film beyond
the stoichiometric amount of oxygen, as calculated from the assumed
equations.

The film might contain water, since all of these coupons were ex-
posed in water, and since oxides formed in water are notoriously hydrated.
Although the samples were dried to constant weight at 100C, it is possible
that some of the water is not removed at this temperature.

On the few occasions when the metal content of the oxide has been de-
termined, the values have always been lower than would have been predicted
from the reactions above. Two analyses of films on stainless steels showed
60 and 63 percent metal. A value of 73 percent could be predicted from

the weight of the oxide removed. If it is assumed that all the metal
corroded remained in the oxide films, and none was added by deposition,

the calculated metal content of typical Inconel films would range from
50 - 63 -frcent, values consistent with the analyses above, but not con-
sistent '. the preceding stoichiometry. Hence, our stoichiometry is
more likely in error, and our corrosion products, as dried, could be hy-

drated to the extent of 82.3-31+1 = 1.5 molecules of water for each

atom of oxygen.
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Ceramists have claimed that CrO(OH) is the stable form of chromic
oxide in high-temperature water. Its metal content is 61 percent. An
analagous hydrated form of nickel oxide would have a metal content of 64
percent, which is in good agreement with the observed values in the Inconel
films.

A different explanation has been offered for the high weight gains en-
countered on coupons corrosion-tested in flowing autoclaves. In this case
the gain is believed to be due to the deposition of transported corrosion
products of the loop surfaces onto the coupon surfaces.

The water in the flowing autoclave system was stored at room temper-
ature in a stainless-steel tank before it was pumped into the heated auto-
clave. Since nickel oxide has been shown to have a retrograde solubility
(more soluble at room temperature than at 600F) in pH 9.5 ammoniated
water, nickel oxide could have dissolved in the cold portions of the sys-
tem and precipitated in the hot.

The possibility that deposition may be causing the unusually high
weight gains is supported to some extent by the difference in weight gains
experienced by similar specimens corrosion-tested in static and in flowing
systems. C. F. Cheng has supplied the data in Table II1.

TABLE 11.1. COUPON WEIGHT GAINS

Weight Gains, mg/dm2 at 600F
500 hr 1000 hr 1500 hr 2000 hr

Flowing autoclaves
Inconel, grit-blasted 0.1 4.1 5.7 -
Inconel, machined, annealed 2.2 5.2 7.6 -
Stainless steel 2.7 3.4 6.5 -

Static autoclaves
Inconel, grit-blasted 0.5 1.5 1.0 1.0
Inconel, machined, annealed 2.7 3.2 2.8 2.8
Stainless steel 1.5 1.7 - 1.5

The data show that in the static system the weight gains remained the
same or dropped slightly after 1000 hr, whereas, in the flowing system the
weight gains continued to increase after this period. This could be ex-
plained by the transport and deposition of nickel oxide in the flowing
system.
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Additional evidence to support the deposition theory is the recent
data from the Inconel crud generator. The heated sections which had the
highest surface temperature in the system had large amounts of crud de-
posited on these surfaces, and the crud was highly enriched in nickel.

The answer must be found as to whether the unusually high weight
gains encountered on specimens corrosion-tested in the flowing systems
are due to hydration of the oxides or to deposited material. If it is

due to the hydration of the oxides, our basis for calculating release
rates is incorrect. If it is due to the transport and deposition of
nickel oxide, this could have an important effect on the operation of
high nickel alloy systems.

The conclusions which may be drawn are that movement of nickel
oxide in a high-temperature water system will be from cool-surface por-
tions of the system to higher temperature surfaces, and the rate will
be a function of the temperature difference.

CORROSION OF GRIT-BLASTED INCONEL IN 600F AMMONIATED WATER

CF Cheng

Introduction

One manufacturer of heat exchanger tubing employs grit-blasting to

descale the inside surface of Inconel tubing after the annealing treat-
ment. The initial corrosion rate of Inconel in high-temperature
water is sensitive to surface preparation. The corrosion product trans-
ferred to the water is related to surface preparation and to the corrosion

rate, therefore, the corrosion rate of grit-blasted Inconel heat ex-
changer tubing needed to be evaluated to determine rates of corrosion and

corrosion-product release.

Test Materials

Inconel strip was annealed in the same manner as metallurgically similar

heat exchanger tubing. The annealed strips were centrally positioned in a
5/8-in. -ID tube and grit-blasted like the tubes. Corrosion coupons were
cut from these strips; 97 percent of the surfaces were grit-blasted.

Same of the grit-blasted Inconel strips were flash-pickled for one
minute and cut into coupons.

Mill-annealed strips of reference Inconel were machined (63p max)
into test coupons and reannealed in argon for 15 min. Some of these

coupons were pickled for 15 min. Type 347 stainless-steel mill stock
was machined and annealed like the reference Inconel.
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Test Procedure

Corrosion coupons were exposed in static autoclaves containing
pH-10 ammoniated water (600F) and 5 - 10 cc dissolved hydrogen per kg
water. The test solution was changed after each 500-hr test period.

Corrosion coupons were also exposed in a circulating autoclave sys-
tem at 600F. The water was pumped at a rate of 14 cc/min through a one-
liter Inconel autoclave, a cooling coil, and an anoniated-resin ion ex-
changer to a storage tank. The pH was maintained at 10 by the resin
exchanger; the dissolved hydrogen content was analyzed to be 30 - 35
cc H2/kg H20.

Results and Conclusions

The corrosion data from the coupons exposed in the static autoclaves
were erratic and not consistent with previous data for machined (63p) and
annealed Inconel coupons. Chemical impurities may have leached out from
the grit-blasted Inconel surfaces.

The corrosion data fran the coupons exposed in the circulating auto-
claves were satisfactory. For the metal loss data, the variance replicate
factor with 20 deg of freedom is 0.205 compared to 0.795 for metal loss
data from the static autoclaves. The evaluation of the various surface
treatments of Inconel was made solely on the basis of the circulating
autoclave data.

The metal-loss data are plotted as a function of time in Figure II.1.
The average corrosion rate of machined (63p) and annealed Inconel was found
to be 2.9 0.7 mg/dm2 -mo during the 500-, 1000-, 1500-, and 3500-hr ex-
posure periods. This rate is significantly lower at the five percent sig-
nificance level than (a) grit-blasted Inconel, by 39 percent; (b) grit-
blasted and flash-pickled Inconel, by 60 percent, and (c) machined (63p)
and annealed Type 345 stainless steel, by 56 percent.

After 3500 exposure hours, all the Inconel and stainless-steel sur-
faces tested are expected to have a corrosion rate below 1/2 mg/dm2-mo.
The initial rate differences are predominately in the first 1500 hr.

The initial corrosion rates for the pickled surfaces were higher
than corresponding unpickled surfaces for both grit-blasted Inconel and
machined (63p) and annealed Inconel, but the differences were below the

five percent significance level.

There were no significant differences in initial corrosion rates be-
tween machined (63p) and annealed Type 345 stainless steel and grit-
blasted Inconel, pickled or unpickled.

The net metal release as computed was negative for almost all speci-
mens, suggesting a deposition phenomenon. The work of M. E. Jones has
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shown that nickel oxide has a retrograde solubility in ammoniated water
at pH 9.5, and hence nickel oxides could be transported from the cold
parts of the system to the hot samples.

COMPOSITION OF CORROSION PRODUCTS IN THE INCONEL CRUD GENERATOR
ME Jones, MS Bushey

The Inconel crud generator is a natural-circulation loop made up of
Inconel and Zircaloy components. Figure II.2 is a diagram of the system.
The system is designed to produce Inconel crud (transported corrosion
products) and to measure the heat-transfer characteristics of this crud
after it has deposited on sections of Zircaloy tubing.

Runs have been made with pH 10 lithiated water and with pH 10 ammoni-
ated water, to compare the crud produced under these two conditions of
coolant chemistry. At the end of the tests, sections of the Zircaloy
heat-transfer tubes and heat-exchanger tubes were wiped and decrudded.
The material removed was analyzed chemically. The results are tabulated
in Table 11.2.
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TABLE II.2. COMPARISON BETWEEN LITHIATED
AND AMVIONIATED WATER RUNS

Total Ni,Fe,Cr
Omg/dm 2

Relative. Percent

Composition*
Ni Fe Cr

Lithiated 1000 hr, pH 10
Zircaloy Heat Transfer No.1
Zircaloy Heat Exchanger No.2

Ammoniated 3500 hr, pH 10
Zircaloy Heat Transfer No.1
Zircaloy Heat Exchanger No.2

Inconel base metal (for reference)

2.02
1.01

34.5
1.33

42
45

96
44

42
46

3
49

16
9

0.5
7

1.0
1.0

29.0
0.9

77 7 16 11.0

Relative percent composition is based on sum of the nickel, iron,
and chronium equalling 100 percent.
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The following observations can be made on these data.

1. Crud was deposited on the heated Zircaloy surface in the
ammoniated water run at a rate five times that in the
lithiated water run.

2. This increase in deposition was due entirely to the amount
of nickel deposited.

3. Crud was deposited on the cooled Zircaloy surface in the
ammoniated water run at a lower rate than in the lithiated
water run.

4. The composition of the material deposited on the cooled
Zircaloy surfaces was about the same in the two runs.

The difference in nickel deposition is probably due to the temper-
ature effect on the solubility of the nickel. Inconel corrosion-product
solubility measurements in pH 9.5 ammoniated water showed that nickel was
10 times as soluble at room temperature as it was at 600F.

ANALYSIS OF A LOOSE FILM ON THE SURFACES OF THE INCONEL NATURAL
CIRCULATION LOOP MS Bushey, ME Jones

Introduction

The initial operation of the new coolant-chemistry, Inconel, natural-
circulation loop was with deionized water for 13 days at 550F. The Inconel
specimen holder and dummy specimen were removed for examination at the end
of this time. The holder and specimen were found to be coated with a uni-
form film that could easily be removed by wiping. Since the amount of this

film was quite large, there was concern over whether the material was a
corrosion product of Inconel or whether it was a decomposition product of
Dowtherm (an organic material used as the secondary coolant in the loop)
that had somehow gotten into the system.

To check this latter premise, some of the loose material was removed
and weighed before and after ignition. No appreciable loss in weight oc-
curred on ignition (1.8 mg initially, 1.7 mg after ignition), indicating
that the material was not organic. To obtain a sample for chemical anal-
ysis, an area of 7.6 dm 2  was wiped with a filter paper. The paper was

ashed and the residue weighed. The material was then dissolved and ana-
lyzed chemically for iron, nickel, chromium, and cobalt. The results are
summarized in Table II.3.

The weight of the metallic elements was 75 percent of the total ig-
nited oxides weight. This value is in agreement with the 77 percent value
that is usually used for the oxide film on Inconel.

When the composition of the loose film is compared with the compo-
sition of Inconel, it is apparent that the iron, nickel, and cobalt are

KAPL-2000-19
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TABLE 11.3. COMPOSITION OF THE FILM

Relative %f
Total, Composition*
mg mg/dm2  Sample Inconel

Ignited oxides 7.2 0.95 - -
Iron 0.43 0.056 8.0 6.8
Nickel 4.31 0.57 80.0 77.8
Chromium 0.63 0.082 11.7 15.4
Cobalt 0.0036 0.00047 0.067 0.07

*Based on Fe + Ni + Cr + Co = 100 percent.

present in about the same ratios. The chromium content, however, was ap-
preciably lower in the loose film than in Inconel. Deposited crud re-
moved from other Inconel loops has quite a different composition. The
nickel and iron contents are usually about equal. The difference in compo-
sition between the loose films found in the Inconel natural-circulation
loop and the crud found in other Inconel loops, coupled with the unusually
large amount of the loose film, suggested that abnormal water conditions
may have existed in the natural-circulation loop during this test. Sub-
sequent investigation disclosed that Inconel coupons corroded in aerated
water in static autoclave tests formed a similar loose film. Also, a re-
view of the loop operating procedures indicated that the water used in
the natural-circulation loop undoubtedly had contained dissolved air. In
vi w of these facts, it is probable that the loose film on the loop sur-
.a es was due to the corrosion of Inconel in water containing an appreci-
able amount of air.

THE SOLUBILITY OF INCONEL CORROSION PRODUCTS ME Jones

One mechanism for the release of corrosion products from component
surfaces to high-temperature water is dissolution. A knowledge of the
solubility of corrosion products as a function of water conditions would

aid in selecting an optimum set of water-chemistry conditions and would
also be of use in predicting the buildup of corrosion products in high-
temperature water systems.

The solubility of Inconel corrosion products formed at 550F in am-
moniated water has been measured as a function of time, temperature, and
pH. Two series of runs were made using Inconel autoclave facilities. The
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autoclaves were electrolytically descaled before the start of these

tests. One autoclave was operated with pH 9.5 ammoniated water, the
other with pH 10.5 ammoniated water. In both cases, a hydrogen content
of 40 cc STP/kg was maintained in the solution. Water samples to be re-
moved for analysis were filtered at temperature through a silver mico-
metallic filter and cooled in a silver condenser. The solutions were
analyzed for iron, nickel, chromium, and manganese ,using spectrophoto-
metric and neutron-activation techniques.

After the autoclaves had been operated for about 1500 hr at 550F,
two series of 240-hr-runs were made at temperatures between 80 and 660F.

The results of the measurements are shown in Figures 1I.3 and 11.4.
A more detailed account of the experiment is given in KAPL-M-MEJ-3.1

Reference

1. Jones, M. E. "The Solubility of Inconel Corrosion Products."
KAPL-M-MEJ-3. February 22, 1962.
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III. ZIRCALOY AND ZIRCONIUM CORROSION

ZIRCONIUM SINGLE CRYSTALS AM Andrako, AE Bibb

Introduction

The corrosion behavior of zirconium single crystals in 680F deoxy-
genated, deionized water is being studied in static autoclave tests. The
objective is to obtain some fundamental data on the aqueous corrosion of
zirconium, and to determine the crystallographic orientation of zirconium
that is the most corrosion resistant. Such information, combined with

the knowledge of the crystal orientation produced during various fabrica-
tion procedures, may lead to the selection of fabrication procedures that
would result in a more corrosion-resistant zirconium.

Sample Description

Zirconium single crystal samples were prepared in two groups. In
Group I, the crystal planes that were tested are (2171), (1120), (1010),
(1012) and (0001). These crystals were not of optimum quality for corro-
sion testing and accurate weight gain determinations. Some crystals
were too small or too thick; others had only one good surface. Others
were bent, and still others contained a second grain or were not suf-

ficiently free of substructure or distortion. In Group II, the crystal
planes that were tested are (1122), (1011), (2130), (1124), (1014) and
(0001). In general, the crystals tested in Group II represented a much
better quality of samples for corrosion testing.

Results and Discussion

The corrosion data have been tabulated in Table III.1, and graphically
presented in Figure III.1 (Group I and Group II). Figure III.1, Group I
shows that the corrosion rates of the Group 1 crystals of that group vary

considerably. Presumably this is the result of the difficulties en-
countered in sample preparation. The various crystals were discontinued

in test when transition became apparent either by visual observation or
by sharp increases in weight gain measurements. The peculiar shape of

the curve in Figure III.1, representing the 1012 crystal face, may be
explained by removal of one of the three pieces comprising the sample.

The piece removed was exhibiting accelerated attack, thus biasing the

sample's average corrosion value upwards. After its removal, the remain-

ing crystals comprising this sample showed a normal weight gain versus

time behavior. After 212 days of test, all of the samples in Group I

reached transition and were removed.

Group II samples produced much more consistent data than Group I.
Presumably, this is the result of improved sample preparation. After 268
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H-
H-
H-TABLE III.1. CORROSION OF ZIRCONItM SINGLE CRYSTALS 680F WATER

Time - Days - Weight Gain - mg/dm 2

Crystal Face 3

2131 18.6
1120 7.5
1010 21.2
1012 7.8
0001 12.5

(Group I Continued)
168

2131 67.74
1120 30.67
1010 150.26
1012
0001 33.58

7 14 28 42 56 70 84 98 112

21.0
9.1

33.8
9.2

10.5

25.0
12.3
71.4
9.7

17.7

29.7
15.8
81.3
9.5
21.0

32.8
18.7
83.6*
72.7*
21.4

35.3
19.7

(88.0)
(112)
21.9

126 140 154

184 198 22 226
**

37.73 39.73 *
** - -

34.67 34.46 35.76 "

3

6.7
6.3
4.0
6.9
6.7
5.5

7

8.7
8.2
4.7
9.0
8.4
7.4

Continued)
184 187

14

11.5
11.0
7.2

10.9
10.8
9.9

28

15.2
14.3
8.9

14.3
13.2
12.8

42

17.9
17.0
9.5

16.9
15.4
15.2

56

20.3
19.2
11.6
19.2
17.3
17.1

70

23.4
21.7
13.4
21.5
19.5
19.2

84

25.2
23.4
14.6
23.5
20.9
20.6

194 198 212 226 240 254 268

34.63 - - 35.75 49.48 *
- - -

22.29 -
33.45 - -

52.24 52.69 56.07

23.67 23.49 24.50 24.59 25.23 25.87
34.64 34.67 71.65 77.63 * -

**

Accelerated corrosion in some pieces of a sample, necessitating their removal from test. The re-
maining pieces comprising a sample were continued in test.**Samples discontinued.

34.6
20.9

(93.2)
(134)
20.3

37.2
22.3
(98.7)
(140)
22.5

40.3
23.5

(104)
(144)
23.8

42.7
24.9

(108)
(148)
26.0

44.57
26.27

111.69
171.15
27.12

47.94
27.73

118.58
178.44

29.75

52.46
28.87

127.67
185.78
30.75

Group II

112
1011
2130
1124
1014
0001

(Group II

98

26.49
25.02
15.96
25.00
22.33
21.92

1.12

28.06
26.46
17.34
26.69
23.75
23.16

126

29.48
28.23
18.17
27.70
91.25
24.25

112
10~11

2130
1124
1014
0001

140

31.12
78.23
20.28
29.68

25.38

156

32.39
**

20.73
30.97

26.67

N.)E
0
0
0

170

33.51

21.65
32.34

27.74
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days of test, all samples in Group II have reached transition with the

exception of Sample 2130. This sample continues to show excellent

corrosion resistance both visually and by weight gain measurements as

shown graphically in Figure III.1, Group II.

Oxide Evaluation

Evaluation of the corroded surfaces of some crystals gave interest-

ing results. Certain of these crystals produced a white flaky corrosion
product in contrast to the typical black adherent oxide. Back reflection

photograms of the black oxides showed sharp intense Laue spots from the

oxide crystal. These were, of course, indicative of single crystal

oxide films. In every case where white product was found, back reflection

photograms showed Debye rings indicative of a polycrystalline film. These
rings showed a fairly high degree of preferred orientation of the oxide

but very definitely proved the polycrystalline nature of the white oxide.

Some of the high-angle Zr02 diffraction peaks were scanned at a very
low speed, and high time constant, so that the peak width at half height
could be determined accurately. The peak width at half height is indica-

tive of the amount of lattice strain existing in the crystal. In all
cases examined, the peak widths at half height indicated that the black
oxide was a more strained lattice than the white oxide. The observations

that the white oxide is polycrystalline and that the white oxide is more
strain free suggest that recrystallization of the oxide is taking place
and that this recrystallization is associated with the black-to-white
corrosion transition in zirconium and zirconium alloys.

A process such as recrystallization has, in fact, been suggested by
Vermilyeal and also by Haycock2 to explain the formation of a porous
"post transition" layer of oxide. The lattice strains needed to cause

recrystallization, and observed in this study, are generated during the
growth of the Zr02 layer. Since the oxidation mechanism of zirconium has

been shown3 to be controlled by anion vacancy diffusion, the interface
coherency strains would persist throughout the nonrecrystallized oxide

layer.

Imperfections in the zirconium substrate, such as inclusions, grain
boundaries, impurity atoms, deformation processes, or competing orienta-

tions (such as at a pit or edge) are possible sources of additional
lattice strains in the Zr02. It is reasonable to suspect that when these

strains are large enough, or when the Zr02 has been at temperature long

enough, recrystallization will take place. It is also within reason to
suspect that thermal variations, such as encountered in startup-shutdown

autoclave cycles, may enhance the formation of this recrystallized porous

layer.
KAPL-2000-19
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The present tests and observations will be continued to supplement

the present data and to extend the tests to the steam media.

References

1. Vermilyea, D. A., "On the Mechanism of the Oxidation of Metals."
Acta Met., I September 1957. pp. 492-5.

2. Haycock, E. W., "Transitions from the Parabolic to Linear Kinetics
in Scaling of Metals." J. Electrochem. Soc., ", No. 9, September
1959. pp. 771-5.

3. Lustman, B., and F. Kerze, Jr., "The Metallurgy of Zirconium."
New York, McGraw-Hill. 1955.

CORROSION OF INCONEL-ZIRCALOY-2 AND TYPE 304 STAINLESS STEEL-ZIRCALOY-2

EUTECTIC BONDS IN 600F AMMONIATED WATER CF Cheng, JJ McCarthy

Introduction

Zircaloy-2 component temperatures are often measured with chromel-

alumel thermocuples. Since these couples cannot be brazed directly to
Zircaloy-2, they are connected through Inconel or Type 304 stainless-steel
transition rods. A set of experiments was run to test the corrosion
resistance of Inconel-Zircaloy-2 and Type 304 stainless steel-Zircaloy-2

eutectic bonds.

A specimen having an Inconel-Zircaloy-2 bond was examined metallo-
graphically before and after exposure for 500 hr in pH -10 ammoniated water
at 600F. The region of the intermetallic compounds revealed cracking after
the corrosion test. The cracks started from the nickel-rich Inconel side
and propagated toward the zirconium-rich Zircaloy-2 side. A white corro-
sion product, later identified as predominately nickel oxide, had formed
in the corroded area. A similar white nickel oxide had been observed
earlier when nickel-Zircaloy bonds were tested in ammoniated water. Upon
extending the exposure period to 1000 hr, the cracking penetrated through-
out the whole width of the bond (~-15 to 20 mils).

A sample of a Type 304 stainless steel-Zircaloy-2 bond was corrosion-
tested for 1000 hr in the same environment. Metallographic examination
again revealed corrosion attack of the diffusion bond. This time, however,
the cracks started from the zirconium-rich Zircaloy-2 side and propagated
toward the iron-rich Type 304 stainless-steel side. The corrosion attack
seemed to concentrate at the crevice area of the Zircaloy-2 side where

there was imperfect bonding because of the shrinkage or brittleness of the
intermetallic compound. The poor corrosion resistance of the diffusion

bond adjacent to the Zircaloy-2 side may be attributed to iron diffusing

into Zircaloy-2 and to extreme low-chromium content in the bond.

KAPL-2000-19
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Neither the Inconel-Zircaloy-2 eutectic bond nor the Type 304 stain-
less steel-Zircaloy-2 eutectic bond is satisfactory for this application.

AMMONIA AND THE CORROSION OF ZIRCALOY-2 AM Andrako, HA Fisch

Introduction

In high pH ammoniated high-temperature water systems, ammonia may
concentrate in void areas. These high concentrations of ammonia may be a
cause of the white corrosion product sometimes found on Zircaloy-2 specimens.

Object

This test was performed to evaluate the corrosion of Zircaloy-2 in
680F concentrated ammonium hydroxide (14.5 molar). The chemical environ-
ment of this test is much more severe than that which would be experienced
for most normal operations.

Test Description

Zircaloy-2 coupons fabricated from a certified reactor grade Zircaloy-2
ingot were tested in the as-pickled condition, and the precorroded (three
days in 680F water) condition. Duplicate samples of each condition were
exposed in the liquid, at the vapor-liquid interface, and in the vapor
phases.

A preliminary experiment was made to measure the effect of degassing
an autoclave containing concentrated NH4OH (14.5 molar). Concentrated
NH4OH (400 ml) was added to a one-liter autoclave (volume = 1150 ml). The
autoclave was then degassed with argon (20 min), sampled, and the sample
analyzed. The NH4OH concentration of the sample was 11.3 molar compared
to the 14.5 molar in the solution charged. The autoclave containing the
test specimens was degassed similarly.

Results and Discussion

At 680F the vapor pressure obtained with NH4OH (11.3 molar at room
temperature) was 4000 psi. Since the vapor pressure of pure water at 680F

is only 2700 psi, the overpressure due to NH3 must have been 1300 psi.

Calculations* based on these measurements indicate that at 680F the

following conditions exist:

*These calculations assume that the NH4OH solution has the same physical

properties at 68OF as pure water. The NH3 gas in the vapor phase was cal-
culated by use of van der Walls' equation

(P+ a)(V - b) = RT.

The change in the liquid volume due to separation of NH3 gas from NH 4OH to
form the NH3 overpressure was neglected.
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Volume of the vapor phase = 370 ml
Volume of the liquid phase = 762 ml
NH3 gas in the vapor phase = 0.67 mol
NH3 remaining in the liquid phase = 3.85 mol

To ascertain that the above calculated conditions actually existed, a
sample of the liquid phase was taken at temperature. This sample was
analyzed. The NH4OH concentration of the sample was 9.7 molar at room

temperature. Calculating: 9.7 mol x 0.4 liters = 3.88 mol of NH3 in the
tempratre.Calclatng: liter

liquid phase at 680F. This value agrees favorably with the 3.85 mol de-
termined by the previous calculation method.

The weight gain data and final appearance of the samples are tabulated
in Table I11.2. Data from Table III.2 are graphically illustrated in
Figure 111.2 to compare the behavior of Zircaloy-2 in 680F concentrated
NH4 OH and in 680F deionized-,deoxygenated water.

Conclusions

The following conclusions may be drawn from this test:

1. The corrosion of Zircaloy-2 in 680F concentrated NH4 OH is
comparable to that found in 680F pure water.

2. The protective oxide formed by a three-day precorrosion test
in 680F water is not affected by subsequent exposure to
concentrated NH4OH.
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TABLE III.2. EFFECT OF AMMONIA ON THE CORROSION OF ZIRCALOY-2

A. AS-PICKLED ZIRCALO

Sample Media 7

1
2

3
4

Vapor
Vapor

Avg

Interface
Interface

Avg

15.67
15.85
15.8

16.02
15.30
15.7

Corrosion mg/dM2 Time - Days

14 29 42 56 70 98 126

18.50
18.12
18.3

18.72
18.13
18.4

21.63
21.84
21.7

21.55
21.34
21.5

24.99
23.70

24.3

24.47
24.13

24.3

26.73
25.34
26.0

25.86
25.67
25.8

28.59
27.07

27.8

27.90
28.11
28.0

31.66
30.14

30.9

30.34
31.03
30.7

33.44
31.69
32.6

32.61
33.08
32.8

Appearance

Glossy black
Glossy black

Glossy black
Glossy black- some white

in the hole

5 Liquid 16.37 19.06 22.4 24.37 26.24 27.38 30.34 31.99 Glossy black- mottled with

6 Liquid 14.81 17.62 20.81 24.91 26.93 27.93 31.03 33.23
Avg 15.6 18.3 21.6 24.6 26.5 27.7 30.7 32.6

B. PRECORRODED ZIRCALOY

gray-black
Glossy black- mottled with

gray-black

(Three days in 680F Water)

Corrosion -mg/dm2 Time - Days

10 17 31 45 59 101

Vapor
Vapor

Avg

18.62
17.00

17.8

Interface 18.03
Interface 18.21
Avg 18.1

21.01
19.26

20.1

20.76
20.58
20.6

24.05
22.27

23.2

23.71

23.7

25.62
24.77

25.2

26.57
26.25
26.4

27.34
26.27

26.8

28,26
27.76

28.0

29.59
28.60

29.1

29.64
29.6
29.6

32.52
31.22

31.9

32.59
32.00
32.3

129

34.86
33.24

34.0

34.50
3408
34.3

Appearance

Glossy black
Glossy black- some white at

top of spec

Glossy black
Glossy black

11 Liquid 17.36 19.57 22.76 26.65 28.04 30.86 32.21 34.08 Glossy black- mottled with

12 Liquid 16.68 19.05 22.27 25.02 26.80 28.20 30.94 32.86
Avg 17.0 19.3 22.5 25.8 27.4 29.5 31.6 33.5

gray-black
Glossy black- mottled with

gray-black

Weight gains reported include precorrosion weight gain for three days in 680F water.

7
8

9
10

0
0
0
H-

F-4

F: 4

C4
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3. The behavior of Zircaloy-2 in 680F NH3 saturated steam is
about the same as in concentrated NH4 OH or pure water.

4. In the absence of radiation, the formation of "white oxide"
on Zircaloy-2 is not due to exposure to high concentrations
of ammonia.

CORROSION OF ZIRCALOY JOINED TO HAFNIUM EJ Callahan

Zircaloy-o-hafnium welding fabrication processes are being evaluated
in terms of the corrosion resistance of their products. The fabrication
processes investigated in the joining of short lengths of Zircaloy-2 to
hafnium. were resistance seam welding and roll bonding.

The as-welded specimens were made by resistance seam welding two
Zircaloy-2 strip sections to each of two strips of hafnium, forming two
"sandwich" type specimens, 1.75 x 0.30 x 0.19 in. One of these specimens
was annealed for 12 hr at 1475F in vacuum. The roll-bonded specimen was
also a "sandwich" 2.0 x 0.65 x 0.16 in. It had been roll-bonded at 850C.
and later bent to simulate the forming of the final product.

Corrosion resistance of these products was evaluated in an exposure
to 750F steam for 14 days.

Visual inspection after the corrosion test showed no selective corro-
sion attack other than relaxation (bowing) of the welded specimens.

Metallographic inspection after the corrosion test similarly showed
no selective attack on either the welded or roll-bonded specimens. However,
the metallographic inspection did show that bending the roll-bonded speci-
men apparently broke the bond.
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IV. OTHER MATERIALS

THE EFFECT OF DISSOLVED HYDROGEN ON THE CORROSION BEHAVIOR OF HAFNIUM
AM Andrako, BE Dearing, GE Wasielewski

Introduction

Extended exposure to high-temperature water creates a set of possible
problems. One aspect is the effect of hydrogen dissolved in hafnium. In
a manner similar to that of Zircaloy-2, hafnium absorbs a portion of the
hydrogen produced in the oxidation reaction (i.e., Hf + 2H 20-+ HfO2 + 2n2T) -
With long-term service, it is conceivable that the level of absorbed hydro-
gen would increase with time to some critical level. The test described
was run to explore the possible deleterious effect of a range of hydrogen
levels on the corrosion resistance of hafnium.

Test Description

Corrosion coupons of hafnium were prepared to contain from zero to
700-ppm hydrogen. The control coupons were heated at 850C for 48 hr in a
dynamic vacuum to remove all of the hydrogen by outgassing. The remain-
ing coupons, containing controlled amounts of dissolved hydrogen, were
heat-treated for 48 hr at 850C, and then air-quenched. The specimens, in
triplicate, were exposed in 680F deoxygenated, deionized water or in 750F
steam for the periods indicated in the test data. Fresh solution was
used for each time period. The specimens were weighed and examined visu-
ally after each test increment.

Discussion

The accumulated test data have been tabulated in Table IV.l.

After 154 days in 680F water, all specimens had a thin violet-green
oxide film. The difference in weight-gain measurements (7.1 to 9.9 mg/dm2)
after 154 days of test has little significance in view of the extremely
small weight changes involved and the difficulty in measuring them, Visu-
ally, there was a slight but discernable color difference between the
samples containing zero hydrogen and those with the highest value of
hydrogen.

After 56 days in 750F steam, the control samples (zero hydrogen)
showed higher weight gains than did the samples containing added dissolved
hydrogen. Samples in the latter group tended to increase their weight
with increasing hydrogen content. However, the effect is small and be-
cause of the small weight changes involved must be interpreted with cau-
tion. The generally higher than normal weight gains in 750F steam probably
can be attributed to the heat treatment. It has been shown in other work1
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IV. 2

TABLE IV.1. THE EFFECT OF DISSOLVED HYDROGEN
ON THE CORROSION BEHAVIOR OF HAFNIUM

Analyzed H2
Concentration,

ppm

680F Water

5
105

400
670

Weight Gain. g/dm2* - Test Time
3 7 14 28 42

3.1
2.0
1.5
2.0

2.9
3.2
2.2
2.2

4.1
4.0
4.2
3.5

3.6
3.0
3.7
3.7

4.1
3.2
4.0
3.7

days

70 98 126 154

4.4
4.5
5.2
5.4

6.1
5.9
6.1
7.1

6.6
6.5
7.1

8.6

7.1
7.2
7.8
9.9

750F Steam

5
105
400
670

3 7 14 28 56

3.1
3.2
4.2
5.3

3.9
4.5
3.7
5.8

4.1
4.0
4.8
7.1

7.4
6.1
7.9

10.5

35.3
19.8
22.2
27.3

Each value is the average
Control samples H.T. 8500

of three specimens.
- 48 hr - air quenched.

All other samples H.T. 850C - one hour - air quenched.

that a heat treatment at 1150C followed by a rapid air quench, for ex-
ample, was especially harmful to the corrosion resistance of hafnium in
750F steam. The normal annealing heat treatment for hafnium is only
8000 for one hour.

In this experiment, the control samples were annealed at 850C for
48 hr and the other samples were annealed at 8500 for one hour, a higher
heat treatment that may well be deleterious to the corrosion resistance
of hafnium in 750F steam. The appearance of the specimens after 56 days
in 750F steam was poor. The colored oxide films showed white-spotted
areas, indicating accelerated corrosion. It is worthy of note that the
high heat treatment, which has a noticeably deleterious effect on the
corrosion resistance of hafnium in 750F steam, was not found to have a
similar effect in the 680F water test (see Table IV.l).

Conclusion

Dissolved hydrogen in the range of 0 to 700 ppm does not appreciably
affect the corrosion resistance of hafnium in 680F water or 750F steam.
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Reference

1. Dearing, B..E,, and A. M. Andrako, "The Corrosion Behavior of Hafnium
and Hafnium Alloys in High Temperature Water and Steam," KAPL-M-BED-4,
August 14, 1961.

CHLORIDE STRESS-CORROSION CRACKING OF HIGH NICKEL ALLOYS AND WELD OVERLAYS

CF Cheng

Introduction

A group of high nickel alloys and weld overlays, containing 46 to
76 percent nickel, 7 to 24 percent Cr, 0.1 to 16 percent Mo, and the balance
mainly iron, were investigated for their chloride stress-corrosion crack-
ing resistance. Specimens of test materials were fabricated into U-bends
from 63p machined flat strips (3-1/2 x 1/4 x 0.060 in.) and bent around
a 3/4-in.-diam rod to a 75-deg angle. The legs were then compressed to
1/2-in. separation to form a U and retained with Type 304 austenitic

stainless-steel bolts and nuts. These stressed U-bend specimens were

arranged on the Inconel holder (Figure IV.1) and then placed in a tilting
Inconel autoclave which was about half filled with test solution. The
tilting cycle was five minutes, with stressed specimens exposed for two
minutes alternately in liquid and vapor phases. The travel time was
30 sec between the two phases.

Those stressed specimens that exhibited no cracking in aerated boiler
water (500 ppm chloride) at 500F for 200 or more exposure hours were then
retested in aerated natural sea water (18,600 ppm chloride) from Brockton,
Massachusetts, for 672 hr. Chemical composition and metallurgical history
of test materials are summarized in Table IV.2. Test conditions and
results are reported in Tables IV.3 and IV.4,.respectively. Previous aerated
boiler-water test (500 ppm chloride) at 550F and aerated sea water test'
(17,000 ppm chloride) are also included in Tables IV.2 and IV.3.

For these stressed high-nickel alloy specimens, the cracking is inter-
granular for wrought alloys and interdendritic for weld overlays. The
susceptibility to chloride stress-corrosion cracking of these high nickel
alloys (>45 percent nickel) is a function of their molybdenum and iron
contents. This is illustrated in Figure IV.2, where the boundary line for
the "noncracking zone" was plotted from the limited data. Another inter-
esting fact is the relationship between the measured mean atomic diameter

and the nickel content with respect to cracking.

Note in Table IV.4 that the mean atomic diameter increases with de-

creasing nickel content. This is expected, since the atomic diameter for

nickel (2.487A) is smaller than that of chromium (2.493A), molybdenum

(2.720A), or iron (2.520A). Thus, as shown in Figure IV.3, no chloride
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TABLE IV.2. METALLURGICAL HISTORY & CHEMICAL COMPOSITIONS OF TEST MATERIAL

Test Material

A. Manual Arc

I. BP85 Weld Overlay

Weld Layer
Plate No. on Steel

TF65 Mat.18 (on Inconel)
64R

II. Expt. Weld Overlay
AOS-W5
AOS-W6
AOS-W7

III. Inconel/Inconel Weld
InCo A Electrode
InCo 132 Electrode

B. Automatic Metal Inert

Ht. 62343
Ht. 62119
Ht. 62417

Joint

TF65 Mat. 13
TF65 Mat.10

3rd

2nd & 3rd
3rd
3rd

Butt Joint
Butt Joint

Gas

I. BP87 Weld Overlay

II. Inconel/Inconel Weld Joint

InCo 62 Wire

III. Inconel/304 SS Weld Joint
InCo A Wire

Ht. 8499
63M

TF65 Mat.l

TF65 Mat.12

3rd
3rd

Butt Joint

Butt Joint

Hrs Stress
Relieved at

1150F

As deposited 92
24 91

As deposited
As deposited
As deposited

As deposited

As deposited

As deposited
As deposited

As deposited

As deposited

95
74
79

Measured
Hardness Mean Atsnic
RB jBHN) Dia. A

(194)
(189)

(210)
(134)
(146)

2.534

2.527
2.524
2.523

C _ Cr Ni, Fe o _Co.Si

0.04 14.87 (66.40) 7.33 (0.50) 0.076 8.30 0.56
0.06 13.05 66.50 9.57 0.45 0.09 6.80 0.50

(0.04)
0.06

(0.03)

13.93
15.10
14.50

68.50
68.80
70.70

10.85
9.00

9.20

- 2.522 (0.05) (15.72) (73.70) (6.85)
- 2.511 (0.04) (15.36) (74.00) (7.34)

86 (168)

96 (215)

96 (204)
74 (134)

2.526

2.518

0.02 19.15
0.03 17.85

(0.03) (16.49)

(0.04) (16.81)
(0.04) (18.50)
(0.05) (15.72)

1.52
1.16
1.60

(0.96)
(0.06)
(0.06)

2.88
2.80
3.20

10.74

0.22
(0.20)

S Ti Cb&Ta Others

- 0.39 2.01 0.011 Al
0.011 0.51 1.83 0.03 Al, 0.19 W

(0.007)
0.004

(0.051)

- (0.83)

- 1.11
- 10.70

(0.34) (0.72) (1.50) (0.10) (0.007) (0.006) (2.10)
- (0.065) (0.65) (0.11) (0.006) (0.04) (2.17)

(0.007 P)
0.002 P
(0.032 Cu)

Electrode

Canposition

70.36 4.34 0.11 0.04 2.87 0.25 0.010 0.25 2.17 0.03 Al
68.80 6.65 0.53 0.04 2.88 0.25 0.012 0.27 2.35 0.01 Al

(73.50) (6.22) (0,16) (0.083) (0.17) (0.58) (0.006) (0.47) (2.29) Wire Camposition

(73.70)
(9.82)

(73.20)

(7.72)
(69.70)
(6.85) (0.34)

(0.085)
(0.022)
(0.072)

(0.33)
(1.61)
(1.50)

(0.14)
(0.37)
(0.12)

(0.006)
(0.010)
(0.007)

(0.35)
(0.01)
(0.06)

(0.03)
(0.01)
(2.10)

Inconel Side
304 SS Side

InCo A Electrode

C. Submerged Arc

I. Expt. Weld Overlay
AOS-W 4
AOS-W 1
AOS-W 2
AOS-W

BP87 inde Flux
FW - Spec. Alloy Wire
Hastelloy X
AOS-WX

D. Wrought Alloys

I. Inconel
II. Hastelloy N

III. Hastelloy C

IV. Hastelloy X-280
V. Hastelloy X
VI. 304 L SS

Ht. 62359
Ht. 62028
Ht. 61726
Ht. 60399
HLT 417
Expt.
HO

WX

Ht. 1815
SP24
Ht. C3363

Ht. X4550

2nd
3rd
3rd

3rd
2nd
3rd
3rd
3rd

15 102 (258)
As deposited 88 (176)

(15) 80 (146)
(15) 87 (172)
24 76 (139)
24 79 (146)
24 94 (204)

As deposited 66 (139)

1850 F Ann

2165 F Ann
2225 F Ann
2150 F Ann
2150 F Ann
I 50 F Ann

81
86
93
87
99
62

(152)
(168)
(199)
(172)
(234)
(111)

2.528
2.537
2.533
2.532
2.529
2.522
2.545

2.512

2.535
2.557
2.549
2.545

0.04
0.02
0.07
0.03
0.03
0.05
0.04
0.09

0.05
0.07
0.05

(0.09)
0.10
0.02

20.0
15.10
8.10

13.50
17.14
15.41

18.02
12.82

16.25

6.85
15.42
23.90
22.26
18.42

(64.69)

(68.15)
71.50
(62.07)
63.24
69.48

(46.44)
60.78

76.05
(71.63)
(56.72)
47.30

(46.44)
9.30

8.60
7.00
9.20

13.00
13.68
10.30
24.70
13.08

7.03
4.20
5.25
17.4
18.21
(70.29)

1.75
6.95
6.83
8.00

<0.01
0.01
8.03
9.93

16.33
16.05
0.02
8.76
0.072

<0.10

0.01
0.01
0.05
0.03

0.012

1.95

2.08

2.54
2.00

2.84
2.52
2.96
2.93
1.48
2.64

0.18
0.32
0.46

0.87
1.31

0.86
0.78
0.72
0.88
0.20
0.12
0.95
0.68

0.20
0.32
0.60

0.80
0.56

0.014

0.025
0.009
0.012
0.11

0.007
0.008
0.008

0.006
0.01

0.03

0.05
0.68
0.24

0.18

1.46

2.14
0.42
0.07

0.006 P

0.009 Al, <0.05 W
0.006 Al, 0.008 Cu
0.029 Al
0.005 Al

- 0.12 Cu
- 0.007 P, 0.047 Ag

- 0.46 W

- 0.015 P
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TABLE IV.3. TEST CONDITIONS

Boiler Water Sea Water

Temp, F 500 550
pH 10* 6.9/7.2
Chloride, ppm 500 - 560 18,600 - 19,131
Phosphate, ppm 108 - 182 1 - 2
Oxygen, ppm 3.5 - 4.4 4
Resistivity, ohx/cm 450 - 600 180 - 240

Exposure Period - hr
1st 100 336
2nd 100 336
3rd 100 -
4th 152 -

*
Adjusted with sodium hydroxide.
Change solution at each exposure period.

stress-corrosion cracking of high-nickel alloys (>5 percent Ni) is anti-
cipated if the mean atomic diameter is below 2.530A, but cracking defi-
nitely commences when the mean atomic diameter is raised to 2.540A or higher.

More data are required to establish the "critical" mean atomic diam-
eter. The fact that the mean atomic diameter of high nickel alloy is
raised by increasing the molybdenum and iron contents suggests that the
intergranular or interdendritic stress-corrosion cracking noted may be re-

lated to segregation of these alloying elements at the grain boundaries.
Recent British work2 indicates that the presence of antimony (1/2 to 1-1/2
percent) in copper-antimony alloys lowers the surface, grain-boundary, and
twin-plane energies in about the same proportion. It has also shown that
the lowering of the surface energy is accompanied by segregation of antimony
at the surface. The same analogy may apply to our high-nickel alloy system.

Further investigations along this line are being conducted.

References

1. Cheng, C. F., H. L. Tymchyn, "Stress Corrosion of Inconel in 550F Aerated
Sea Water (17,000 ppm chloride)," KAPL-M-CC-2, February 1961, Contract
W-31-109-Eng -52.

2. Annual Report of 1961 Metallurgy Division, (British) National Physical
Lab., Teddington, Middlesex, England, May 1962.
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TABLE IV.4. CHLORIDE STRESS CORROSION TEST RESULTS

Test Material

A. Manual Arc

I. BP85 Weld Overlay
TF65 Material 18
64R

II. Expt. Weld Overlay
A0S-W5
AOS-W 6
AOS-W

7
III. Inconel/Inoonel Weld Joint

InCo A Electrode TF65
Material 18

InCo 132 Electrode TF65

Material 10

B. Autanatio Metallio Inert

QBA.
I. 3P87 Weld Overlay

Ht. 8499
63M

Moan Initial Boiler Water Exposure Final Sea Water Exposure
Atonio Mjor Element No. No. No. No.

DieMo% i,% Temps, F Hr Charged Oracked Teu, F Hr Charged Cracked

2.534 (0.05) 9.33 (66.40)
- 0.45 9.57 66.50

2.527 1.52 10.85 68.50
2.524 1.16 9.00 68.80
2.523 1.60 9.20 70.?)

2.522 (0.34) (6.85) (73.70)

2.511 - (7.34) (74.00)

2.526 0.11 4.34 70.36
- 0.53 6.65 68.80

II. Inoonel/Inconel Weld Joint
InCo 62 Wire 765 Mat. 11 2.518 (0.16) (6.22) (73.50)

III. Inconel/304 SS Weld Joint
InCo A WireTF6 Mat. 12 - - - -

500 452 6
550 400 4

500 452
500 252
500 252

6
6
6

0 550 672 6 0
0 - - - -

0
0
0

550 672
550 672
550 672

6
6
6

0
0
0

0

0

- - - - 550 672 6

500 452 6 0 550 672 6

500 452 6
550 400 3

550 400 3

0 550 672 6 0
0 - - - -

0 500 672 3 0

500 252 2 (2)s

C. Submerged Arc

I. Ekpt. Weld Overlay
AOS-W 4
AOS-Wi

Ac .- W2
AOS-W
BP87?inde Flue
FW Spee. Alloy

Hastelloy X-HO
AOS-WX

D. Wroght Alloys

I. Inconel Hit. 1815
II. Hastelloy N

III. Hastelloy C

IV. Hastelloy X-280

V. Hastelloy X
VI. 304L SS

2.528 1.75 8.60 64.69
2.537 6.95 7.00 68.15
2.533 6.83 9.20 71.50
2.532 8.00 13.00 (62.07)
2.529 <0.01 13.68 63.24
2.522 0.01 10.30 69.48
2.545 8.03 24.70 45.80

9.93 13.08 60.78

2.512 0.18 7.03 6.05
2.535 16.33 4.20 71.63

2.557 16.05 5.25 56.72

2.549 10.10 17.40 47.30

2.545 8.76 18.21 46.44
- 0.07 70.29 9.30

NOTE: S - Cracked on 304 33 side.
R - Reference 4 data.
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500 200
550 100
550 200
550 100
500 200
500 252
550 300

500 452
550 400

- -0
550 400

550 100

50o 100

6
1
2
1
6
6
4

6
4

2

3

6

0
1
1
1
0
0
1

0

0

0

1

6

550 672

550 672
550 672

, 0R6

550 672
550 672
550 672

550 672
30R71
550 672
550 672
550R 96

550 672

6

6
6

4

6
4
1
2

10
2
2

10

6

0

0
0

4

0
0
0
0
7
1
0
10

6
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CORROSION OF COPPER. NICKEL-PLATED COPPER. AND INCONEL-CLAD COPPER IN
STATIC HIGH TEMPERATURE WATERS CF Cheng, CL Crenshaw

Introduction

An appraisal of materials which might be employed in making induction

coils exposed to high-temperature water indicated that copper was the
most suitable. The coils would be exposed to lithiated or ammoniated
water at 300 to 600F. It was expected that copper would corrode exces-
sively under these conditions, and that it would be necessary to nickel
plate it or to clad it with Inconel. Accordingly, sections of wire of
these three materials were corrosion-tested in static stainless-steel auto-

claves containing either ammoniated water with dissolved hydrogen or
lithiated water with dissolved hydrogen. The specimens were descaled and
the corrosion rates calculated.

Copper

The corrosion data shown in Table IV.5 were obtained on oxygen-free,

high-purity (OFHC) copper specimens.

TABLE IV.5. CORROSION DATA, (OFHC) COPPER

Temp, Exposure Time, Avg Corrosion Rate)
F pH pH Agent hr mg/dm2 -mo

600 9 NH4 OH 250 8.6
600 9.2-8.7 NH4OH 2184 1.1
300 9.2-8.9 NH4OH 1848 1.7

300 9.8-10.2 LiOH 2184 0.4
600 10.2-8.0 LiOH 2016 11.0

Temperature in the range of 300 to 600F had a marked effect on the
corrosion of copper in lithiated water. However, temperature had little

effect on the corrosion of copper in ammoniated water. Some copper dis-

solved in the test solution and was plated out on the adjacent Type 410
stainless-steel surfaces (ground and degreased).

Nickel-Plated Copper

Experience has shown that a sound, chip-proof, nickel plate can be
deposited on copper from a basic sulfamate nickel bath (Type SN Barrett).
A sulfamate nickel plate of 5-mil thickness has been found to be nonporous
during electrographic spot detection tests. The corrosion data shown in

Table IV.6 were obtained on copper wire plated by this means.
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TABLE IV.6. CORROSION DATA, NICKEL-PLATED COPPER

Temp, Exposure Times Avg Corrosion Rate,
F pH pH Agent hr mg/dm 2-mo

600 9 NH4 OH 250 3.7
600 9.2-6.5 NH4 OH 2000 nil
600 10.2-8.4 NH4 OH 2000 nil

The average corrosion rate of nickel-plated copper in 600F ammoniated
water is less than the average corrosion rate of OFHC copper.

Inconel Cladding on Copper

The Materials Development Operation at KAPL has demonstrated that it
is possible to clad Inconel on copper. Specimens were prepared and corro-
sion-tested in 600F static ammoniated water (pH 9) containing dissolved
hydrogen. One of the specimens contained a brazed joint. Photomicrographs
(10OX) of this specimen before and after corrosion testing show that cracks
formed during cladding did not penetrate to the copper and did not propa-
gate on exposure to 600F ammoniated water. No visible galvanic corrosion
effects were observed in any of the specimens tested.

From a corrosion and structural point of view, all three materials -
copper, nickel-plated copper, and Inconel clad copper - are acceptable for
use in 300 to 600F ammoniated and lithiated water. The highest corrosion
rate, 11.0 mg/dm 2-mo in 2184 hr for copper in 600F lithiated watery is still
well below the permissible corrosion rate of 28 nag/dm 2-mo.
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V. PHYSICAL AND PROCESS CHEMISTRY

DIAGRAMS OF OXIDATION POTENTIAL VS pH

MS Bushey

Introduction

Structural materials commonly used for high-temperature water sys-
tems are alloys of iron, nickel, and chromium, such as stainless steel
and Inconel. To a certain extent, the atoms of the various elements in
the alloys behave differently in corrosive environment. Experimental
evidence 1  indicates that the elements are not released during corro-
sion in proportion to their relative content in the alloys. Knowledge
of the different thermodynamic behavior of these elements can contribute
much to an understanding of the several corrosion and release processes.

The discourses of M. J. N. Pourbaix in his monograph2 and of Pourbaix
and co-workers in later papers3'4 and reports 5'6 present in convenient
graphical form the pertinent data on the theoretical behavior of the
iron-water system, the nickel-water system, and the chromium-water sys-
tem at room temperature. In the simplified diagrams for these systems,
presented in Figures V.1, V.2, and V.3, oxidation potential is the
ordinate and pH is the abscissa.
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V.3

The heavy lines in the diagrams define regions of corrosion behavior
in which the metal shows immunity, passivation, or corrosion. The upper
boundary of the immunity area represents a metal surface in equilibrium
with a water solution containing 10 m gram-atoms of metal per liter at
the pH indicated. In that region where the immunity area is in contact
with the passivation area, the metal surface is covered with a protec-
tive film of insoluble corrosion products. The potential pH diagrams
for the iron-water and the chromium-water systems are drawn to show a
time dependency. This dependency indicates an increased area of passiva-
tion with well-aged and, therefore, less soluble corrosion products. The
pH range 9.6 - 12.3 might be called the optimum passivation range--permits
the greatest variation in the oxidation potential without causing the
metal surface to pass from a zone of immunity to a zone of corrosion--
for the iron-water system at 250. The optimum passivation range is also
that which should cause the least release of corrosion products to the
system.

For the nickel-water system, the optimum passivation range at 250
extends over a longer interval from pH 8.4 - 12.2. A dotted vertical
line indicates a minimum solubility7 for Ni(OH)2 at about pH. 10. No
solubility data have been found for well-aged nickel oxide.

Although chromium is a minor constituent of both stainless steel
and Inconel, it has long been accorded a major role in protective film
formation on these and other alloys. The potential-pH diagram for the
chromium-water system at 25C shown in Figure V.3 is drawn by Pourbaix's
method, and assumes the freshly formed corrosion products to be hydrated
chromous and chromic hydroxides. The well-aged insoluble corrosion
product is assumed to be anhydrous chromic oxide. The optimum passiva-
tion range at 25C is pH 8.5 - 9.2. In a system operating in a higher pH
range, raising of the oxidation potential, as, for example, by intro-
duction of air or reduction of hydrogen pressure, would result in rapid
oxidation of fresh corrosion products to form peptized or soluble chro-
mites or chromates.

These diagrams are made for 25C, the temperature for which the most
data are available. They are only qualitatively related to what actually
occurs at reactor operating temperature. The more useful potential pH
diagrams for operating temperatures require more data.

References
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2. Pourbaix, M. "Thermodynamics of Dilute Aqueous Solutions, with
Application to Electrochemistry and Corrosion." Translated by
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AMMONIA EQUILIBRIUM BETWEEN STEAM AND LIQUID PHASES ME Jones

Introduction

As a result of knowledge gathered in high-temperature water systems
with high pH ammoniated water, engineers have questioned whether an ap-
preciable amount of ammonia accumulates in void spaces in such systems.
The partial pressure of ammonia over aqueous solutions is reported in
the literature for high concentrations of ammonia in solution (>4.7 wt %)
at temperatures up to 250F, but no values are available at low concen-
trations and at higher temperatures.1

To determine whether or not such an accumulation exists, a test has
been run to determine the amount of ammonia in the steam phase in equili-
brium with a 20-ppm ammonia solution at temperatures between 299 and 604F.
A large (25 liter) static autoclave, adapted so that samples of both the
liquid and the vapor phase could be removed at temperature, was used in
the test. The samples were condensed in a cooler and collected in test
tubes containing dilute acid. The amount of sample collected was deter-
mined by weighing the tube before and after sampling. The ammonia con-
tent was determined by a spectrophotometric procedure using Nessler's
reagent. A sensitive analytical procedure made it possible to obtain
the necessary data with small samples. The use of a large autoclave and
removal of small samples was desirable to minimize the deviation from
equilibrium conditions within the autoclave during sampling. Less than
four percent of the vapor phase volume was removed for a set of samples.
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Each individual sample removed <0.5 percent of the total ammonia in the
system.

Results

The results of the test are given in Table V.1. The concentrations
of ammonia in the liquid and vapor phases over a temperature range of
299 to 604F are listed. These values have been used to compute the rela-
tive volatility, a, for each temperature. The relative volatility is de-
fined as:

a = (Yi/Y2 )/(X 1/x 2 )

where Y1 and Y2 are the mol fractions of the ammonia and the water in the
vapor phase, and X1 and X2 are the mol fractions of the same components
in the liquid phase. The relative volatility is also equal to the ratio
of the ppm NH3 in the vapor phase to the ppm NH3 in the liquid phase.
Another set of values, really Henry's law constants in units more useful
to our particular problem, have been computed. The grams ammonia per
liter in the vapor phase per ppm ammonia in the liquid phase has been
calculated for various temperatures. These values are plotted in

Figure V.4. Multiplying this value for a desired temperature, by the
volume of the vapor phase and the concentration of ammonia in the liquid
phase, gives the total amount of ammonia in the vapor phase.

TABLE V.1. AMMONIA EQUILIBRIUM VALUES

Ammonia, ppm gm NH3 (V) per liter (V)

OF Vapor Phase Liquid Phase a per ppm NH (L)

299 171.0 19.0 9.00 2.21 x 10-5
347 140.9 17.7 7.96 3.64
398 112.4 16.7 6.73 5.64
473 79.8 16.3 4.90 8.98
511 64.5 15.4 4.19 10.7
553 53.7 14.5 3.70 14.4
604 42.0 13.7 3.07 19.2

Discussion

The distribution of ammonia between the liquid and vapor phases is,
as would be expected, a function of temperature. Whether it is also a
function of concentration has not been determined. There is reason to
believe that it may vary with concentration, for in addition to the
reaction
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NHa(L) NH3(V) (1)

one must also consider the reaction:

NH3(L) + H2 0(L) NH(L) + OH(L) , (2)

where (L) refers to the liquid phase and (V) refers to the vapor phase.
For purposes of writing these reactions, the hydration of ammonia has
been ignored.

Reactor (2) would be concentration dependent. The equilibrium con-
stant for reaction (2) is known over the temperature range used in our
test. For the concentrations used in our test, the ammonia in the liquid
phase would range between eight percent ionized at 300F and one percent
ionized at 600F. At any given temperature the percent ionized would in-
crease as the concentration in the liquid phase was decreased.

Reference

1. Perry, J. H. Chemical Engineers Handbook, 3rd Ed. McGraw-Hill.
1950. 172 Pp.

CHEMICAL NATURE OF ZIRCALOY CORROSION FIUMS J Rynasiewicz

Introduction

Zircaloy, a tin-iron-chromium alloy of zirconium, has been used in
water-cooled nuclear reactors since 1951. It has certain desirable
nuclear and mechanical properties, and has been generally free from
corrosion problems. Within recent months, however, KAPL has noted the
formation of a white corrosion product on Zircaloy specimens taken
from in-pile water loops. More recently, BAPL (Bettis Atomic Power
Laboratory) has confirmed the existence of the white corrosion product.

The frequent incidence of white corrosion product in the KAPL in-
pile loops resulted in a comprehensive review on the anomalous corrosion
of Zircaloy. Subsequently, extensive experiments were performed at KAPL
to obtain a first-hand knowledge of the nature of Zircaloy corrosion.

Zirconium is thermodynamically unstable in the presence of hot
water. Only the formation of a strongly adherent, relatively imper-
meable, protective film of oxide prevents catastrophic oxidation of zir-
conium and its alloys during high-temperature water service. The pro-
tective film is black or gray-black in appearance, and is purposely
formed on the surfaces of reactor-type Zircaloy by autoclaving the
specimens at high temperatures and pressures. The autoclaving thus
serves the dual purpose of passivating the material and of screening
any marginal Zircaloy which would be likely to fail during the minimum
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out-of-pile tests. In addition to the out-of-pile corrosion tests,
Zircaloy-2 must be certified with regard to its chemical composition
according to MIL-Z-Spec. 19859A. This specification (Table V.4) sets
limits for the concentrations of those elements which have a high neutron
absorption cross section and for other elements which impart beneficial
or harmful metallurgical and/or corrosion properties to the Zircaloy.

Because the corrosion process is a surface phenomenon, it was be-
lieved that a knowledge of the chemical composition of the black surface
oxide, in addition to the bulk chemistry, would help in understanding
the anomalous corrosion behavior of Zircaloy. A base-line value for the
concentration of the various elements in normal black corrosion film
could also serve as an additional test to screen potentially inferior
Zircaloy. Furthermore, it was believed that any correlation of abnormal
concentrations of impurities and alloying constituents in the black
oxide film, with the incidence of white product, could shed additional
light on the mechanism of the in-pile corrosion process.

Experimental

Typical black oxide films from random-selected corrosion coupons
were removed by dissolving the underlying metal in this way:

The Zircaloy corrosion-tested coupons (3.8 X 2.54 x 0.15 cm) con-
taining the black oxide film, were quartered, thus exposing the un-
oxidized metal along the cut surfaces to the undercutting attack of
the HF-HNO3 dissolving solution.

The acid solution was prepared by mixing 200 ml of 48 percent hydro-
fluoric acid (HF) plus 40 ml of concentrated HNO3 with 760 ml of dis-
tilled water. Five hundred ml of the acid mixture was then added in-
crementally to 50-gm portions of the sample in a polyethylene beaker,
which was cooled in an ice bath to retard the initial reaction. The re-
action was controlled by alternately adding distilled water or the mixed
acid to the sample. A 50-gm sample required approximately one hour to
dissolve. However, it is recommended that the reaction mixture stand
overnight to ensure complete dissolution of any free metal. The undis-
solved black oxide was collected on 15-cm Whatman No. 30 filter paper

in a polyethylene funnel, washed well with the mixed acid, and finally
with distilled water. The incremental dissolution and filtration of
the 50-gm portions was repeated until the entire lot of clipped coupons
was thus dissolved. The black oxide from the individual 50-gm portions
was then air-dried on the filter paper and combined into a single sample
by brushing the residues quantitatively into a weighed platinum crucible.
The black oxide residue was vacuum-dried at room temperature for approxi-
mately three hours and then weighed. The black oxide which was removed
from coupons tested in 14-day steam, showed no difference between the
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air-dried and the vacuum-dried weights. This indicated that the air-
dried black oxide was not hydrated.,

As a control for the acid dissolution process, several HF-etched
(but unautoclaved) coupons of Zircaloy were processed in the same manner.
The residue from the control coupons was so insignificant that the paper
had to be burned off and the residue ignited before it could be weighed
accurately.

Five lots (1 to 5, Table V.2) of corrosion-tested coupons were then
processed by this method. Subsequently the black-oxide film was removed
from four individual corrosion coupons (Lots A, B, C, and D, Table V.2).
Lots 1 and 2 (Table V.2) were randomly sampled from a box which contained
discarded, corrosion-tested coupons from a wide variety of ingots. These
coupons represented mostly 14-day steam tests but may have also contained
some 3-day water tested coupons. All of the coupons exhibited normal
coloration and weight gains, by weighing the sample before and after
autoclaving. Typical weight gains for corrosion tested specimens are as
follows: 28 t 10 mg/dm2 for 14-day steam tests; 13.8 2 mg/cm2 for
3-day (680F) water tests. The weight gains (Table V.2) are compared with
the total oxygen found in the films which were separated from the corro-
sion specimens. For Lots 1 and 2, the total oxygen content of the black
oxide was 20 mg/dm2 in both cases. This value is within.the' iinits
of typical weight gains, but a better correlation was obtained in the
case of the Lot 5 coupons all of which were tested in 14-day steam, and
all of which were checked for weight gains. Lot 5, therefore, represents
the black oxide removed from 14-day steam-tested coupons which were
checked for their weight-gain-on-autoclaving. The total oxygen in the
separated film (41.0 mg) vs the weight-gain-on-autoclaving (41.2 gm)
indicates that the acid insoluble film truly represents the in situ oxide
film.

On the other hand, the black oxide from Lots 3 and 4 was removed
from 25 corrosion-tested coupons (3.8 x 2.54 x 0.15 cm) prepared from
strip Zircaloy HZC-1027 (Table V.3). These coupons were pickled to-
gether and were then autoclaved simultaneously for three days at 680F.
The 25 coupons were then divided into three groups of 6, 10, and 9
coupons. The group of 6 coupons was withheld for fluoride analysis. The
10-coupon and 9-coupon groups were then processed chemically, according
to the described procedure to remove the black-oxide film. This test,
therefore, measured the reproducibility of the black oxide separation
process on the same parent material. As with Lot 5, the aggregate weight
gains of the individual corrosion coupons were correlated with the weight
of oxygen in the separated black oxide (Table V.1).

In this case the total oxygen content of Lots 3 and 4 black oxide
amounted to 72 and 71 wt % of the aggregate weight gains of the corrosion
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TABLE V.1. BLACK fIlE RD VED FRCL CORROSION-TESTED ZIRCALOY COUPONS

Description

20 random coupons
47 random coupons
7 random coupons
10 HZC-1027 coupons
9 HZC-1027 coupons
1 coupon BZC-1027
1 coupon HZC-1027
1 coupon HZC-1027
1 coupon HZC-1027

Autoclave Test

14-day steam*
14-day steam*
14-day steam*
3-day water (680F)
3-day water (680F)
3-day H2 0 (680F)
3-day H 20 (680F)
3-day H2 0 (680F)
3-day H2 0 (680F)

igina1
Weight of

Coupons,

143.0
328 .5
47.67
72.30
66.79
7.4
7.5
7.0
7.8

Total
Area of
Coupons,

dm2

4.0
9.4
1.4
2.0
1.8
0.2
0.2
0.2
0.2

Black Oxide
Weighta

Swt %

0.3078 0.215
0.7348 0.226
0.1578 0.331
0.0653 0.0903
0.0547 0.0819
0.0053 0.072
0.0052 0.069
0.0051 0.073
0.0050 0.064

Oxygen in
Black Oxide*

mg/dm 2

80.0
191.0
41.0
17.0
14.2
1.38
1.35
1.33
1.30

of Coupon
Surface

20
20
29.3
8.5
7.9
6.9
6.8
6.7
6.5

Avg Wt Gain
of Coupons
mg mg/dM2

N.D. 28 t 10t
N.D. 28 10t
41.2 29.4.
23.6 11.2
2.0 10.6
N.D. 13.8 t 2t
N.D. 13.8 22
N.D. 13.8 22
N.D. 13.8 2t

aThis represents the vacuum dried weight, which was found to be the same as the air-dried weight for
Lot 5.

*Based on 26.0 wt % theor oxygen; by actual analysis the oxygen ranged between 25.97 and 27.5 wt %. No
analyses for oxygen performed on black oxide from coupons A, B, C, and D.

*It is possible that some 3-day water coupons were included among these samples.
typical weight gains observed, on a statistical basis, for these conditions.

N.D.=not determined.

8

Lot
No

1
2
5
3
4
A
B
C
D
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TABLE V.3. ANALYSIS OF ZIRCALOY STRIP HZC-1027 PG 9
(Harvey Aluminum Co.) MATERIAL FOR CORROSION COUPONS

USED AS CONTROL SPECIMENS AT KAPL

Element PPM or % Element PPM or %

Sn 1.44 - 1.46% Mn <20
Fe 0.12 Si 50
Cr 0.85 Na <10
Ni 0.50 Ti <10
Al 34 ppm W <20
B 0.3 Pb <20
Cd <0.3 C 90
Co <10 U 1.2
Cu <20 U 23 5  0.013
Hf <125 H 8
Mg <10 N 44

coupons. The excellent lot-to-lot reproducibility suggests that approxi-
mately one-quarter of the black oxide dissolves stoichiometrically along
with the metal substrate when the black film is separated. Another ex-
planation for the low film weight is that the neonatant, three-day water
film, is the precursor to the thicker and older stabilized film. This
is consistent with the findings of Sarkisov, Chebotarev, et a1 2 who re-
ported that "several stages of zirconium oxidation in oxygen and water
vapor were observed at 150 to 800C. A fine layer of cubic structure and
high passivity appears in the first stage, followed by a texturized mono-
clinic modification right under the cubic structure. In the last stage,
the black layer of cubic and monoclinic structure is replaced by a white
film, followed by a sharp increase in the oxidation rate. The high cor-
rosion resistance of the black zirconium film is related to the textur-
ized solid solution of zirconium in ZrO2."

The three-day water films, from the individual coupons A, B, C, and
D, contained ~50 percent of the oxygen which was observed from typical
gain-in-weight data. (Table V.2)

In quantities >0.1 g, the HF-HNO3 insoluble material from the steam
tests was black, flaky and mica-like in appearance (Figure V.5). Photo-
micrographs (Figures V.6.A and B) of this material confirm the flat,
plate-like angular structure which is typical of the oxide which has
spalled off metal surfaces. By microscopy, the average thickness of this
14-day steam film was estimated to be 10,000 R, compared with the same
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FIGURE V.5. Black Oxide, Chemically Separated

from 14-Day-Steam-Test Zircaloy Coupons.

KS-44463 Unclassified

A. 75X B. 300X

FIGURE V.6. Transmission Projections of Black Oxide Film Removed from

Corrosion-Tested Zircaloy Coupons.
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0

thickness found by Cox et al,3 and with 15,000 A found by Jenks.4 From
the actual weight of the black oxide film which was removed from--the

14-day steam test coupons (Lot 5, Table V.2), a film thickness of
20,000 X was calculated.

To the naked eye, the appearance of the black oxide removed from the

coupons tested in 680F water was more fluffy than the oxide from the steam
tests. This is probably due to the thinner oxide skin and to the smaller
average size of the platelet from the water-tested0 specimens. The thick-

ness of this black oxide was estimated to be 5600 A based on a 0.031 gm/dm2

compared with 0.11 gm/dm2 of black oxide removed from the 14-day steam-
tested specimens. Treco5 estimated that the oxygen pickup by Zircaloy
during a 3-day corrosion test at 680F would be 8.7 or 9 mg/dm 2. (Equivalent

to 35 mg/dm 2 of Zr02, main component of black oxide film.) Using this
value and 5.6 for the density of the0monoclinic zirconium oxide film, he
calculated a film thickness of 6180 A.

Under the microscope, the surface structure of the thin as well as
thick films appeared identical. X-ray diffraction analysis of the black
oxide films gave a Zr02 pattern typical of Baddeleyite, plus one diffraction
line with a "d" spacing of 2.97 which would correspond to tin oxide (SnO).

Table V.4 summarizes the chemical composition of the corrosion films
which are formed by autoclaving Zircaloy in 14-day steam and in 3-day
water (680F). The chemical content of the films is compared with the
bulk chemistry specifications of the ingot material required by MIL-Z-
19859A. All of the films, (except Lot 5) have a higher silicon content
than the bulk analysis of the in-specification ingots. This is further
demonstrated (Table V.5) by the spectrographic analysis of the films
which were stripped from four individual corrosion coupons (ingot
HZC-1027), and which were previously etched with HF-HNO3 containing
variable amounts of silicon as H2SIF8. This test (Table V.5) demonstrated

that there was no significant difference in the silicon content of the
films from specimens which were etched with HF-HNO3 containing 1 to 1069
ppm of silicon.

In the case of normally pickled and autoclaved corrosion specimens
the presence of high silicon was verified by independent electron beam
microprobe analysis.6 These studies showed the silicon content was
high not only in the black oxide, but also on the surface of the HF-etched
(preautoclaved) specimen. In both cases, the silicon was found in localized
areas of high concentrations (spikes) on the face of the coupons. These
spikes or precipitates contained more than 40 percent silicon. When the
HF-etched samples were mechanically polished, no silicon spikes were de-
tected by the microprobe scans.

Again referring to Table V.4, the iron, chromium, and nickel were
within specification or close to specification; however, the iron and nickel
content was significantly lower in the 14-day steam films than in the 3-day
water films.
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TABLE V. 4. CHEMICAL CC POSITION OF BLACK OXIDE REMOVED
FROM AUTOCLAVED-ZIRCALOY SPECIMENS

Lot 1

1500
950
650
190
250
65
50
<1

<20
540
240
130

1.6%
27.0%

14-Day Steam,* ppm
Lot 2'

415
840
800
130

50
60
55
<1

<20

350

1440 50
1.8%

oa 25.97 10.13%b

Lot 5

75
900

1000
<100

95

1900
1.4%

3-Day Water

(680F), ppm
Lot 3 Lot

585 >2000

2980 1620

14 22_5.
205 145
105 105
<1 <1

<20 <20

Element

Si
Cr
Fe

Ni
Al
Mn
Pb
B
Mg
F
H
N
C
Sn
0 27. 5b

MIL-Z -198 59A
Specification
for Zircaloy-2,

ppm

<120
500-1500
700-2000
300-800

<75
<50

<130
<05
<20
c

<25
<80

< 270
1.2 - 1.7%

c

All results except fluorine and oxygen are reported on the metal
basis.
aBy vacuum fusion.
bBy Leco inert gas fusion.
CNo specification for fluoride or oxygen in Zircaloy.

All results except F, 0, H, N, C by spectrographic analysis; F by
pyrohydrolysis; H by vacuum fusion; N by Kjeldahl; and C by Leco
conductrometric analysis.

Aluminum was slightly higher than specification in three of the
five films; manganese was out of specification in the case of the three-
day water films. More replication is required to establish definitely
whether the indicated difference in iron, nickel, aluminum, and manga-
nese are representative of typical corrosion films.

The
be high,
cause of

fluoride, nitrogen, and hydrogen content of the films tended to
but more work should be performed on these determinations be-
the possible contamination from HNO3 and HF.

KAPL-2000-19
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TABLE V.5. SILICON CONTENT OF CORROSION FILMS
EFFECT OF PICKLING WITH H 2SiFe ADDED TO HF-HNOs SOLUTIONS

Coupon No. Si Added,* ppm Silicon in Film, ppm

1.2 Oa 1080
2.2 204 900
3.2 359 800
4.2 1069 900

*Added as H2 SiF0 to 39 percent HNO3 - four percent
HF solutions.
aThis contained 2.3 ppm Si as an impurity in the HF
used.?

The oxygen content (25.97 to 27.5 percent) for all the films analyzed
supports the X-ray conclusions that the material is essentially Zr02.
(Theoretical oxygen content of "Zircaloy oxide" is 25.95 wt %.)

The carbon content for two lots of the 14-day films was significantly
higher than the specification for ingot Zircaloy. Unfortunately, there
was insufficient material to confirm this result for the third lot, and
also for the three-day water films.

Fluoride

Introduction. The deleterious effect of residual fluoride etchant
on the corrosion behavior of Zircaloy has been reported by Kass, et al,8

and by Shannon and Griggs. - These workers showed that unless HF-HNO3
etched Zircaloy was rinsed immediately after pickling, white-oxide residues
would form on the surfaces of the autoclaved specimen.

Kass, et al attributed the white oxide to an insoluble fluoride,
ZrFx(OH)y'nH20. Shannon and Griggs also postulated a similar etchant
residue, but alluded to the possibility that even under the optimum rinse
conditions "some of the compound ZrOx'Fy-(H20)z will be present on the
Zircaloy-2 surface, since transfer times are finite, and all the above
factors tend to cause precipitation" of ZrOxFy(H20)z. Both teams of
workers accepted the lustrous black autoclaved specimen as prime facie
evidence of acceptable material. The work reported herein verifies the
suspicion that even the cleanest autoclave and blackest coupon contain
finite amounts of fluoride which may contribute to in-pile corrosion be-
havior of Zircaloy.

Method. The fluoride analyses of Zircaloy were performed by two

KAPL-2000-19



V.16

modifications of the same basic method, i.e., pyrohydrolysis-distillation
followed by colorimetric analysis of fluoride in the condensate. 10

According to the first method, the intact corrosion coupons were
pyrohydrolyzed at 1200 to 13000 in an all-quartz system. Oxygen was
introduced into the system to achieve complete oxidation of the black
oxide to white oxide.

In the second procedure, the chemically separated black oxide films,
the millings from the surface of the corrosion samples, and chips from
Zircaloy ingots were pyrohydrolyzed in a nickel tube at 1000C. Complete
oxidation of the materials was obtained under these conditions. This
was checked by grinding several of the pyrohydrolysis residues to a fine
powder and repyrohydrolyzing them. No significant amount of fluoride
was found in the residue. Furthermore, U08 was added to the powdered
residues to insure that the pyrohydrolysis reaction would be more quanti-
tative, as recommended by Cline, Wharf, and Tevebaugh.1  (Powell and
Menis1 2 advocated tungstic oxide as an additive for this purpose.) No
significant amount of fluoride was recovered after the addition of U308 -

A standard containing 96 ppm of fluoride (F) was synthesized by
mixing Zr0 2 with ZrF4 -3H20. The fluoride content of the ZrF4 -3H2 0 by
gravimetric (CaF2) analysis was 31.7 wt %; by pyrohydrolysis-titration
(of HF), it was 33.6 wt %. Triplicate analyses were made of ~-0.3 g
samples of the standard (containing 96 ppm F) with and without U3 08 ad-
ditions. Again there was no difference in the fluoride results because
of the U3 08 . For six determinations, the average fluoride recovery was
81 13 relative percent of the theoretical, where ~30 pgm of fluoride
were taken for analysis.

Results. Fluoride was first detected in Zircaloy coupons which had
been corrosion-tested in an autoclave suspected of being contaminated by
fluoride from "Supramica 500" (KAlSi3 O10F2). A total of 450 pgm of
fluoride (5600 g/dm2) was found in/on this specimen. Subsequently three
standard corrosion coupons (Zircaloy strip HZC-1027) 'whih were
used routinely as corrosion test controls were then analyzed for fluoride.
These black oxide covered coupons contained 57 pgm of total fluoride.
However, this test did not differentiate between surface fluoride and
possible fluoride in the bulk of the specimen.

In another test for fluoride, the surfaces of 20 randomly selected,
corrosion-tested coupons were reacted with molten sodium carbonate, and
the fluoride determined in the water solution of the melt by the colori-
metric thoron-thorium test.10 The fluoride on the 20 specimens amounted
to 320 pg/dm2 , after correcting for a blank for fluoride in the sodium
carbonate.. Assuming 0.1 g of black oxide/dm2, this amounts to 3200-ppm
fluoride.
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in a third test, the fluoride was analyzed in the Lot 1 black oxide
film (Table V.4) by the pyrohydrolysis method. The fluoride in the sepa-
rated black oxide amounted to 540 ppm, or 42 pgm F/dM2 of surface. In
the case of the chemically separated black oxide, it may be asserted that
the HF-HNO dissolution method contaminated the film with flouoride.
However, the black oxide was unreactive toward HF, and it is believed
that only adsorbed (not bound) HF was retained by the acid insoluble
particles. Adsorption of HF by the black oxide was unlikely, because
the black oxide platelets were washed thoroughly with distilled water
and vacuum-dried at room temperature before analysis. Furthermore, the
HF-HNO3 insoluble black oxide contained less fluoride than the Na2CO3 -
treated specimens. A contamination problem by HF would give the reverse
situation.

Fluoride in KAPL vs BAPL Corrosion-Tested Zircaloy Coupons

During the course of the fluoride studies, six coupons were corro-
sion tested at KA.PL and six at BAPL. Duplicates (adjacent) samples were
taken from three different strips of Zircaloy. The duplicates were
pickled and corrosion tested at KAPL and at BAPL. The fluoride analyses
were then performed at KAPL by pyrohydrolyzing the samples at ~1300C.
The results are reported in Table V.6 and calculated as g/dm 2 of sur-
face, although some subsurface fluoride could have been distilled along
with the surface fluoride.

TABLE V.6. FLUORIDE CONTENT OF KAPL vs BAPL
CORROSION-TESTED ZIRCALOY

Color of
F (pg/dm2) Pyrohydrolysis

Strip No. Specimen No. KAPL Tested BAPL Tested Distillate

1120-1 l and 2 460 Yellow
3 and 4 240 Clear

1120-3 1 and 2 260 Yellow
3 and 4 361 Clear

1120-6 1and 2 760 Yellow
3 and 4 180 Clear

x = 493 260

The limited data in Table V.6 indicate that the KAPL-tested corro-
sion coupons contained more fluoride than the BAPL-tested Zircaloy.
Assuming that the differences in fluoride content are significant, a
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possible explanation could be ascribed to differences in the pickling
procedure used at the two sites. For example, BAPL used an intermittent
dip-pickle and rinse, whereas KAPL used a continuous pickle and rinse.
However, KAPL has now converted to the intermittent pickling process.

During the pyrohydrolysis of the KAPL-tested specimens (Table V.6)
yellow colloidal material was noted in the distillate. On the other
hand, the distillate from the BAPL samples was clear. The colloidal
material was identified spectrographically to be tin, which may inter-
fere with the colorimetric test for fluoride if present in high concen-
tration. The concentration of tin may be equal to the fluoride without
effect on the fluoride analysis. In these tests, the concentration of
the colloidal tin was not high enough to interfere with the fluoride
test. Therefore, the comparative fluoride values for both sets of speci-
mens are valid.

Surface Fluoride vs Bulk Fluoride

The fluoride extracted with molten sodium carbonate and the fluoride
found in the separated black oxide (Table V.4) are measures of surface
fluoride. The other fluoride results (Table V.6),reported thus far, have
been calculated as pgm F/dm2 of surface. The assumption was made that
the fluoride was found only in the surface oxide. Nevertheless, the
pyrohydrolysis of the sample at 1300C converted the entire corrosion
specimen to zirconium oxide, and some of the fluoride located below the
surface of the specimen could also be included with the surface fluoride.

In a subsequent test, 0.002-in. surface millings were removed from
pickled and autoclaved bars of Zircaloy, 2 cm in diameter. These bars
were used as specimen holders and electrical heating units for thin
strips of Zircaloy which were corrosion tested under simulated nucleate
boiling conditions.13 The busbars contained a copper core, and the
Zircaloy surfaces received the standard HF etching and autoclaving treat-
ment prior to insertion into a water loop, that was operated by Mine
Safety Appliance Research Corp., Callery, Pa. At completion of this
test, the surfaces of the busbars contained a variable amount of white
oxide whose formation was believed to be associated with fluoride. There-
fore, the surface millings from the busbars were analyzed for fluoride
by the pyrohydrolysis method. The data (Table V.7) indicate that the
white-coated and black-coated surface millings contained 10 to 127 ppm F
or 30 to 270 igm F/dm2 of surface. A loose, powdery, white oxide which
was sieved away from some of the millings contained 10 to 18 ppm of
fluoride. The millings underneath the white oxide also contained 13 to
19 ppm of fluoride (Table V.8). No conclusive evidence was found that
the formation of the white corrosion product was totally ascribable to
variations in the surface fluoride concentration.

The discovery of fluoride in the subsurface layers of the busbars
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TABLE V.7. CORRELATION OF FLUORIDE IN 0.002-IN. MILLINGS
FRCM BUSBAR SPECIMENS WITH WHITE-OXIDE FORMATION

Approximate Location - Distance from
10-21 23-42

ppm F pg F/dm 2  pm_ F g F/din 2

< 20 <6 4P 127 270w

19 45b 20 43b
12 3 3b 17 68b
23 5 4b 12 7 2b
25 5 4b 24 53b

b = black oxide appearance of surface me
w = white oxide appearance of surface me

End of Bar, cm
46-58

ppm F g F/dm2

105 21OW

9 2jb

12 64
10 3OW
15 35W

material.
material.

TABLE V.8. FLUORIDE CONTENT OF BUSBAR NO. 15

As a Function of Distance
Distance from Surface, in.

0-0.002
0.002-0.004
0.004-0.006
0.006-0.008

from Surface
Fluoride, ppm

20
19
13
18

prompted a search for fluoride in Zircaloy ingots that had not been
subjected to previous HF pickling. As a result, it was found that the
typical fluoride concentration for ingot Zircaloy was 7 to 30 ppm
(Table V.9). Two ASTM Zircaloy-2 standards, issued by the National
Bureau of Standards contained <10 and 26 ppm of fluoride. Therefore,
because ingot Zircaloy contains up to 30 ppm fluoride, a "blank" correc-
tion is necessary in ascribing any surface fluoride to the HF pickling

process.

Surface Fluoride on Corrosion Tabs Taken from Dummy Fuel Plate

The MSA busbars showed no clear-cut correlation between fluoride
content and surface white oxide. The concentration of fluoride in the
black surface millings was approximately the same as for white oxide-
covered millings. It is thought that the fluoride concentration in the

KAPL-2000 -19

Bar No.

2
13
14
15

No No.

.mm



V.20

TABLE V.9. FLUORIDE CONTENT OF RANDOMLY SELECTED ZIRCALOY INGOTS

KAPL Standard No.

K-1

K-2
K-3
K-17

Source

Reactive Metals
(Mallory-Sharron)
28103C

Jessop Steel - K-112
T -495
Harvey Aluminum

HZC-733
NBS-360
(National Bureau of
Standards Zircaloy
Standard)

NBS-1214
(National Bureau of
Standards Zircaloy)

1/16-in. Zircaloy-2
rolled sheet from
Harvey Aluminum Co.
Ingot HZC-1027

1/4-in. Zircaloy-2
rolled sheet
Carborundum Co
Ingot K-U12

Designation

Zir caloy-2:

Zircaloy-2
Zircaloy-3
Zircaloy-4

Zircaloy-2

Zircaloy-2

Zircaloy-2

Zircaloy-2

white oxide-covered millings was an equilibrium condition, resulting from
the hydrolysis of the surface film during the loop experiment. The sur-
face concentration of the fluoride in the specimens at the start of the
loop test could have been significantly higher.

This possibility is. further supported by observations made on a
corrosion-tested end tab from a corrosion specimen. The end tab
~2.77 in. X 0.73 in. wide and 0.37 in. thick) contained prolific amounts
of white oxide on the major surfaces, but was completely black on the
edges.

The data indicated that there was significantly more fluoride in
the black-surface oxide than in the white-surface oxide (Table V.10).
At a first glance, the reverse situation would be expected, assuming that
white corrosion product is associated with fluoride. However, it is pos-
sible that, prior to autoclaving, the two major surfaces did contain as
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TABLE V.10. FLUORIDE ANALYSIS.
END TAB FROM ZIRCALOY-4 IRRADIATION. SPECIMEN

Black Millings, White Oxide Millings,
0.002 in. from 0.002 in. from

edges recessed surfaces

a. Total wt of chips removed 0.272 g 0.634 g
b. Total area machined 0.14 dm 2  0.25 dm2
c. Wt sample taken for F analysis 0.1938 g 0.2792 g
d. g F found/sample taken for 20 pg 10 g

analysis
e. ppm F found in sample taken 104 ppm 36 ppm

f. Total F f.aX d' in total sample 28 pg 23 g
.c

g. Fluoride/unit surface area 2)0 pg/dm 2  92 g/dm2

much, or more, fluoride as the black edges because of uneven drying of
residual etchant. The resulting white oxide could be the hydrolysis
product (Zr02) of fluoride-contaminated Zircaloy surfaces. Part of the
initial fluoride, therefore, would be found in the autoclave water. The
autoclave water, unfortunately, was discarded before the significance of
this test was realized.

Assuming that the preautoclaved faces and edges were uniformly
coated with fluoride, the formation of white product on the faces cannot
be attributed to fluoride alone. It is possible that the two major sur-
faces were machined differently than the edges. The difference in the
machined surface condition, plus the fluoride, could have been the cause
of the corrosion.

Fluoride in Autoclave Water

The contamination of autoclave water with fluoride from Hf-pickled
specimens, and also from the autoclave walls, was first suspected in
connection with the corrosion tests of Zircaloy specimens that were pur-
posely contaminated with known amounts of fluoride (Test 487, Table V.11).
At the conclusion of this test, the autoclave water contained a total of
167 pgm of fluoride, while only 51 pgm of fluoride were added to the
Zircaloy specimens. The deionized deoxygenated water added to the auto-
claves was found to be fluoride-free. Therefore, the excess fluoride
must have come from the autoclave walls and/or the HF- etched specimen.
A survey was then made of the water in other autoclaves for fluoride
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TABLE V.11. SURVEY OF KAPL CHEMISTRY AUTOCLAVE WATER FOR FLUORIDE

Test No.

487*
488,

467-477
467
490
496
467-E

Blank (no
speciment

493-494
467-F
498
508
486
518
520

Autoclave
No.

B-7
B-7
B-11
B-14
B-19
B-15
B-14
B-2J

B-2
B-14
B-7
B-12
B-1
B-14
B-7

Surface Area
of Autoclave,

dm2

5.8
5.8
6.6
6.6

84.5
13.3
6.6

35.0

3.6
6.6
5.8

12.0
6.6
6.6
5.8

Surface Area of
Test Specimens,

dm2

0 .84
0.84
1.68
4.50
2.32
1.37
6.0

5.3
4.2
1.7
1.9
2.8

~_0.01
5.0

Vol of H 20,
ml

325
350
500(50)
500

13,000
5,700

550
11,300

350
550
350

1,250

400(40)
350
350

F found in H20
Total,

ppm 1g9
0.5
2.0
0.56
0.30
0.14
0.04
0.25
0.08

0.37
0.20
0.09
0.11
0.88

<0.1
0.4

167
700

28
150

182
228
137
904

130
110

67
137

35
<35
140

Of Autoclave,
g F/dm2

29
120

4
23'
22
18
21
27

36
17
11
11
5**

<5'
24

Of Specimen,
ug F/din2

200**

830**
17**

33
785
166

23

24
26
39
72
13*

:50
28

*Fluoride was purposely baked onto the Zircaloy specimens which were
**l4-day steam test H20; all others are 3-day water tests at 680F.
tData determined from autoclave test with water only.

( )Figures in parenthesis indicate final water volume.

autoclaved in these tests.

8
H
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contamination. Water samples were analyzed for fluoride from nine dif-
ferent autoclaves at the conclusion of 15 different corrosion tests
(Table V.11). The water samples contained 0.04 to 2.0 ppm F. The con-
centration of fluoride in the two steam tests, 487 and 488, Table V.11,
was high. This was probably due to a 10-fold concentration of fluoride
after the original water was converted into steam and then partially
vented off.

The fluoride was then correlated with the autoclave surface area
and the surface area of the test specimen. There appeared to be a more
consistent correlation of the fluoride with the surface area of the auto-
clave walls (21 8 g F/dm 2), than with the area of the test specimens.
This possibly meant that the autoclave walls served as a sink for the
fluoride released from the surface of several HF-pickled specimens. A
"blank run" for B-20 autoclave water indicated 27 g F/dm 2 of surface.
Although there appeared to be a consistent amount of fluoride which was
leached from the autoclave walls (21 8 g F/dm 2), the source of the
fluoride was obviously the corrosion test specimens. Therefore, the
last column in Table V11.. lists the concentration of the fluoride in the
autoclave water as a function of the surface area of the corrosion
specimen.

The amount of fluoride in the autoclave water may be an index for
the unhydrolyzed fluoride remaining on the corrosion specimen. For
example, in Test 488 (Table V.11), 1050 g of HF were purposely added
to three Zircaloy coupons that were then autoclaved together. At the
conclusion of the test, the autoclave water contained 2/3 of the original
fluoride. The remaining 1/3 was presumed to have stayed on the Zircaloy
surface. The following reactions are indicated for the hydrolysis of
the fluoride-"doped" specimen.

1050 g F
Zr + 3 HF + H20 room temp Zr (OH) F3 + 2 H2

680F 350OpgF+700gpgF
Zr (OH) F3 + 2 H20 - 4 Zr (OH)3F + 2 HF

2708 psi

The release of fluoride from the hydrolysis of the several different
corrosion specimens may be complicated by residual fluoride which had
accumulated on the walls of the autoclave from previous tests. For ex-
ample, a "blank run" was made on the water from autoclave B-20 (Table V.11).
The water contained 0.08 ppm F, but, because of the large volume of water,
this amounted to 904 pgm total fluoride.

In order to allay any doubt that the fluoride in the autoclave water
came from the HF-pickled specimens, Autoclave B-7 was electrolytically
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cleaned, descaled, rinsed, and steamed out. A blank run was then made
and the autoclave water showed no detectable fluoride. Then 25 specimens
(5 dm2 total surface area) from control Zircaloy coupon HZC-1027 were
etched by the intermittent dipping process. Extreme precautions were
taken to rinse any HF residue from the specimens. The coupons were then
autoclaved in 680F water for three days. The corrosion specimens were
black, lustrous, and characteristic of acceptable material.

At the conclusion of the test, the autoclave water contained 0.4 ppm F
or a total of 140 pgm of fluoride. This meant that the pickled, but pre-
corrosion tested specimens, contained at least 28 pg F/dm 2 of surface.
This test confirmed the presence of hydrolyzable fluoride in surface of
Zircaloy corrosion specimens. It did not necessarily ascribe the fluoride
to possible HF residues from the pickling process or to inherent fluoride
in the unpickled Zircaloy specimens of HZC-1027 (11 8 ppm).

Because of difficulties in milling the black oxide from the HZC-1027
specimen, the fluoride content of the surface oxide could not be obtained
and compared with the fluoride in the as-received coupons. However, this
experiment was performed with larger and thicker corrosion coupons
(Table V.12), some of which were pickled and autoclaved and some auto-
claved in the as-machined condition. The results verified the previous
experiment that hydrolyzable fluoride is released into the autoclave
water from HF-pickled samples (Coupons 3, 4, 5, and 6), but not from
as-machined samples (Coupons 1 and 2).

Furthermore, the black oxide film from the HF-pickled samples con-
tained an average of 33 11 ppm F compared with 14 f 1 ppm F in the
corrosion film from the unpickled specimens. The machined, pickled,
and autoclaved samples (3, 4, 5, and 6, Table V.12) were then remachined
to remove 4 to 5 mils of Zircaloy. These samples (3A, 4A, 5A, 6A) were
then autoclaved, and 0.26 ppm F was found in the autoclave water. This
test indicated that the depth of fluoride penetration by the pickling
process is at least four miles.

Threshold Surface-Fluoride Concentration for Corrosion of Zircaloy

Normal-appearing, black oxide-covered, corrosion coupons were found
to contain up to 760 pg F/dm2 (Table V.6). However, the formation of
white oxide was deliberately induced by evaporating as little as 0.88
pg F/cm2 (88 pg F/dm2) on a pickled Zircaloy coupon, and then autoclav-
ing the specimen for 14 days in 680F water (Figure V. 7).

This checks with the work of Shannon and Griggs1 who noted a light
ring of white oxide when one drop of 6 ppm HF solution (~-l pg F) was
dried on a Zircaloy tab and autoclaved. Furthermore, the current KAPL
work demonstrated that the extent of the white oxide formation was pro-
portional to the amount of hydrofluoric acid added (from 0.88 to
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TABLE V.12. DISTRIBUTION OF FLUORIDE IN HF-PICKLED AND IN
AS-MACHINED CORROSION SPECIMENS*

Coupon
No.

1

Surface Treatment

Machined surface

2 Machined surface

3 Machined surface,
HF pickled

4 Machined surface,
HF pickled

5 Machined surface,
HF pickled

6 Machined surface,
HF pickled

3A Remachined to remove
4-5 mils

4A Remachined to remove
4-5 mils

5A Remachined to remove
4-5 mils

6A Remachined to remove
4-5 mils

Distance from
Original Surface,

0.001 in.

0-4
4-6
0-4
4-6

0-1

0-.1

1 combined0-1

0-1

4-5

4-5

4-5

4-5

Avg
F, ppm

13

14

24

45 33

29

F in
Autoclave,

H20

<0.1

0.21

0o.26

*Zircaloy-2 coupons (5 x 2 X 0.5 cm), prepared
Ingot K-112. Corrosion-tested for three days

from Carborundum
in 680F water.

to 525 g F/cm 2 ) (Figure V. 7, KS-47189). At first glance, the induced
white oxide formation at 88 pg F/din 2 (0.88 pg F/cm2 , Figure V. 7) is in-
compatible when compared with normal black-oxide films containing 760
pg F/dm 2 . The explanation of this apparent anomaly is that while 0.88
pg F was added to an area of '1 cm2 , the solution evaporated with the
formation of a ring of high-fluoride concentration. It required from
8.5 to 17.0 pg F to completely convert an area of ~w1 cm2 with white oxide.
Therefore, the threshold concentration for white-oxide formation is be-
tween 850 and 1700 pg F/dm2 . Because one dm 2 of corrosion film weighs
"0'l g, the threshold concentration of fluoride on a weight basis is
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8500 to 17,000 ppm. This would indicate that, although normal-colored
corrosion coupons contained as much as 760 pg F/dm 2 , the fluoride was
evenly distributed over the surface of the specimen and did not produce
any white oxide under autoclave conditions.
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THE APPEARANCE OF CORROSION PRODUCTS IN HIGH-TAPERATURE WATER
RP Strang, GE Galonian

Introduction

The corrosion products normally found in a high-temperature water
plant, especially those of stainless steel construction, are black in
color, and have been characterized as predominantly magnetite (Fe304).
This material is commonly referred to as crud, and its physical and
chemical properties have been the subject of extensive investigations
during the past ten years.

The black crud is present in the water in various particle sizes,
but all sizes seem to have a similar form and chemical composition. Crud
which appeared different from the normally black crud was first observed
during low flow conditions in the system at points where the turbulence
in the coolant was very small. Crud samples taken under these conditions
were not black, but yellow in color. The absence of the black crud could
be explained by the lack of turbulence needed to keep the water-borne
crud in suspention. The appearance of yellow crud, however, was unex-
pected. The material was subsequently characterized as gamma lepido-
crocite (FeO.OH), one of the corrosion products first formed from a
steel or iron surface. Laboratory autoclave tests on this material have
shown that it is gradually converted to magnetite in high-temperature
water.

Using normal crud filtration procedures, the black crud and the
yellow crud were collected on O.45 filter paper (Millipore HA, white).
After the yellow crud was first found, the question arose as to how
much yellow crud is normally in circulation, but masked by the larger
amounts of black crud. This subject can be explored by using different
size filter media in series to separate crud by particle size, and,
thereby, perhaps, by form and color.

Millipore Corporation's compact, high-pressure filter units can be
mounted in series for such an investigation. With the proper selection
of filter papers, the larger crud particles can be separated from the
fine particles. The results of several trials using such a setup are
shown in Figures V. 8.a-d. .Millipore paper of 5p, 1.2 , O.45p, 0.22,
0.lp, and O.Olp pore sizes has been used. The results of several tests
are tabulated.. (Table V.13, p. y.30)

As a result of these preliminary investigations, the following con-
clusions have been reached about the form and distribution of crud in a
high-temperature water system.

1. Black crud (magnetite) is the end product of a series
of crud forms in the water.

2. The particle size of black crud during these tests lies
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TABLE V.13. CHARACTERISTICS OF COOLANT CRUD SAMPLES

Pore Size, p Appearance Flow Conditions

Figure V.8.a 0.45 Yellow Low turbulent
Figure V.8.b 5.0 Black High turbulent

0.45 Black
0.01 Ivory

Figure V.8.c 1.2 Black High turbulent
0.45 Ivory
0.22 Brown

Figure V.8.d 1.2 Black High turbulent
0.22 Ivory
0.10 Ivory

between 1.2 and 5p. A 51 paper retains only part of the
crud (Figure V.$.b). None of the black crud passes through
a 1.21 paper (Figure V.8.c and d).

3. A small percentage of the crud is not black, and is smaller
than 0.45 1 (Figure V.8.d). This crud, variously ivory,
yellow, or brown in color, is almost colloidal in form,
requiring 0.1 paper or smaller to collect it.

4. In practice it is difficult to obtain large crud samples
(more than 10 gal throughout) using paper smaller than
0.228. The smaller pore-size papers cause large pressure
drops and severely limit the total flow obtainable.

It is hoped that more information about the above items will lead to a
better understanding of the behavior of crud and means for reducing the
release and transport of crud.

ELIMINATION OF FLUORINE CONTAMINATION IN IODINE FISSION PRODUCT ANALYSIS
RP Strang

Introduction

The coolant of pressurized water reactors contains a large number
of radioactive nuclides. Some of these, such as the water activation
products N13 and Fla, are present because water is used as a moderator
and cooling medium. After the original radioactivity level has been

determined, the presence of these products is of no particular concern

and is monitored only when a complete nuclide identification is desired.
Fission products such as the isotopes of cesium, strontium, iodine,
krypton, etc., are present in trace quantities. The iodine activities
are commonly determined as a measure of fission product activity.

The classical method of determining iodine activity involves re-
duction to the elemental iodine, extraction into an organic phase, with
subsequent oxidation and precipation as silver iodide which may be
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weighed and counted for activity. A simplified procedure which could
be used for routine monitoring of the iodine activity involves exchang-
ing the iodine activity from a sample of reactor coolant onto a preformed
silver iodide precipitate, with subsequent filtration and activity deter-
mination. Because of its inherent simplicity, this method is preferred
for routine analyses where the use of organic solvents is undesirable.

The iodine activities determined by the isotopic exchange procedure
are usually higher than those determined by the classical (organic ex-
traction) procedure. The reason for the higher activities was determined
only after a detailed analysis of a series of gamma pulse spectrometer
scans of the iodine activity mounts from both procedures. When the decay
of the various photo peaks in the gross iodine scans was plotted, it was
found that the iodine mount from the isotopic exchange procedure has a
large short-lived activity contribution in the 0.52 Mev region, where
the normal activity contribution would be only from 21 hr I133. This
activity was identified as F18 , one of the water activation products,
and was present only in the isotopic exchange procedure. All efforts to
remove F18 before collecting the iodine activity on the silver iodide
precipitate were unsuccessful. The removal of the fluorine activity
would have to be rather complete since its activity in the coolant may
be 100 to 200 times greater than the iodine activity.

During the investigation, one isotopic exchange activity mount was
found to be free of any fluorine contamination. The only difference be-
tween this mount and the others was the filter paper used to collect the
final silver iodide precipitate. While glass-fiber paper was normally
used in the final filtration, the precipitate from this mount was col-
lected on a cellulose type paper. Further testing showed conclusively
that F1 8 activity from reactor coolant will absorb on or react with
glass fiber, and cannot be removed with moderate amounts of water. Chang-
ing from glass fiber to other, equally effective filter media, eliminated
the F1 8 contamination from the isotopic exchange iodine activity mount.
This simple change in procedure can eliminate the F1 8 activity and pro-
vides more reliable determinations of fission product activities.
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