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Abstract

This paper describes the characteristics of corrosion product deposits found in upper regions of high axial offset anomaly (AOA)
once-burnt fuel assemblies after Cycle 9 in the Callaway pressurized water reactor (PWR). The ~100-um-thick deposits consisted of
a new type of highly porous and structured Ni-, Fe-, B-, and Zr-rich material. The analyses showed that deposits contain a large amount
(about 50 wt%) of Ni—Fe oxyborate (Ni,FeBOs, mineral name bonaccordite), in the form of matted ~0.1-um-thick and ~10-um-long,
needle-like particles. An especially high density of Ni,FeBOs needles was found in a 30-40-pum-thick zone on the clad side of the deposits.
This compound has not previously been reported as a component of PWR fuel crud. Common fuel crud components such as nickel fer-
rite and nickel oxide were observed only in small quantities (about 10 wt%). Reference samples of Ni,FeBOs were obtained by hydro-
thermal reactions in alkaline aqueous solutions starting from about 400 °C, or by sintering at about 1000 °C. Formation of Ni,FeBOs
has been identified as a new mechanism for boron retention and neutron absorption on PWR fuel. Aggregates of apparently hydrother-
mally precipitated ~0.1-0.3-pm-sized particles of monoclinic 7-ZrO»(~30 wt%) were found in the deposits, which is indicative of a dis-
solution—precipitation process at the cladding surface. This process may be enhanced by a LiOH concentration mechanism in crud, which
is a result of both sub-cooled nucleate boiling and '°B(n,a)’Li reactions. Consistently, the isotopic abundance of '°B in Ni,FeBOs in crud

samples was reduced to about 10% of the total boron.
© 2007 Elsevier B.V. All rights reserved.

1. Introduction

The economics of power generation demand that pres-
surized water reactors (PWRs) are driven to higher duty
cycles and longer cycle durations. As a consequence, some
plants experience boiling in the upper regions of high duty
cores. Among other effects, boiling duty facilitates the
enhanced deposition of corrosion products (crud) on high
power, mostly first load fuel rods. Such crud deposits on
the fuel surfaces provide the substrate for large concentra-
tions of boron, thereby causing the depression of thermal
neutron flux via the '°B(n,o)’Li reaction. Large amounts
of boron, deposited on fuel in an axially asymmetric fash-
ion, can give rise to the depression of thermal neutron flux
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in the upper part of a reactor. Such anomalous flux depres-
sions, termed axial offset anomalies (AOAs), have been
observed in increasing numbers of high-duty PWRs that
use high burn-up fuel operated at high temperatures and
long fuel cycles [1,2]. The affected plants typically undergo
local sub-cooled nucleate boiling in the highest-power
channels, which leads to an enhanced susceptibility to
AOA.

Until recently, the root cause of AOA has been attrib-
uted to the hideout of lithium metaborate (y-LiBO,) in
highly porous crud deposits [3,4]. However, this compound
has retrograde solubility and has never been directly
observed in PWR fuel deposits. Plant-to-plant and cycle-
to-cycle variations in the extent of AOA also suggest that
other factors are involved in the root cause, including char-
acteristics of crud sources, reactor coolant system (RCS)
chemistry, and especially nickel, iron, boron and lithium
concentrations. Thus, too little is known about the nature
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of these deposits and the mechanism of their deposition to
fully understand the root cause of AOA.

The objective of this work was to determine the proper-
ties of fuel corrosion products from Callaway Cycle 9 as
they relate to the severe AOA observed for this core. Anal-
yses have demonstrated that the deposits at this high-duty
plant are qualitatively, as well as quantitatively, different
from deposits in lower duty (non-boiling) PWRs. In partic-
ular, large amounts of Ni,FeBOs and m-ZrO, were found
in the Callaway deposits, while common components of
fuel crud deposits such as nickel ferrite and nickel oxide
were observed only in minor quantities. Unexpected preli-
minary results of this work [1,5,6] have triggered consider-
able discussion and modeling efforts [7-9] in order to better
describe the nuclear, chemical and hydrothermal phenom-
ena in borated fuel crud and thus to validate the root cause
of axial offset anomaly in high-duty PWR cores.

2. Characteristics of reactor core and samples
2.1. Reactor core

The AmerenUE 3565 MW(th) Callaway plant is a 4-
loop Westinghouse PWR reactor with Model F, Inconel
600 Mill Annealed alloy steam generators having a total
tube surface area of 29440 m>. The Cycle 9 core consisted
of 193 Vantage five fuel assemblies, each with a 17 x 17
matrix of 9.1-mm diameter pins. The ratio of steam gener-
ator to fuel surface area is 3.82. The water volume in the
core is about 18.8 m’. The volume of the reactor cooling
system is 322.6 m®, including the pressurizer. At full power,

Table 1
Comparison of reactor core and chemistry parameters in Callaway fuel
Cycles 8, 9, and 10

Cycle 8 Cycle 9 Cycle 10
Core parameters
Cycle length (d) 530 508 517
Cycle length EFPD?(d) 495 436 495
Tave (°C) 308.9 308.5 308.5/306.4
Thot (°C) 325.5 325.5 325.5/323.3
Teota (°C) 292.3 291.8 291.8
Number of IFBAs” 6272 7712 6880
Number of WABAs® 0 0 544
AOA (%) -8 —14 -12
Chemistry
Max. boron (ppm) 1400 1380 1230
Max. lithium (ppm) 2.2 2.6 2.9
pH at T, 6.95-7.4 7.0-7.1 7.1-6.9-7.2
Average **Co (Bq/g) 141 592 777
Refueling **Co return (TBq) 40.6 37.1 72.0
Refueling Ni return (kg) 4.2 33 4.1

# EFPD (effective full power days).

® IFBAs (integral fuel burnable absorbers). These fuel pellets have a
coating of zirconium diboride. This burnable poison is consumed within
about 3 to 4 months.

¢ WABASs (wet annular burnable absorbers). These absorbers suppress
power for a much longer time during the cycle than IFBA rods.

the mass of water is 2.38 x 10° kg, the pressure is 15.4 MPa,
the flow rate is 25 m>/s, and the bypass flow is 4.8%.

AOA has been observed for several Callaway fuel cycles,
beginning with Cycle 4. During Cycle 9, from November
13, 1996 to April 9, 1998, after seven months of operation
at full power, AOA reached the —14% level, the highest
observed at any plant until that time. Table 1 lists the core
and chemistry parameters for Cycle 9 and the fuel cycles
immediately preceding and following. Since such severe
AOA reduces the shutdown margin by shifting power
towards the bottom of the core, during the remainder of
Cycle 9 the reactor had to be de-rated to 70% full power.
In Cycle 10, the core design was less aggressive (less steam-
ing) than in Cycle 9, and additional wet annular burnable
absorbers were used. Still, Cycle 10 showed the onset of
AOA on the reload fuel from the beginning of the cycle,
presumably because a number of the Cycle 9 feed fuel
assemblies, having a large amount of deposit, were
reloaded into high-power locations for Cycle 10. AOA
was also observed in Cycle 11.

2.2. Characteristics of the samples

In common with other PWRs exhibiting AOA, Call-
away Cycle 9 showed Fe-Ni oxide deposits on fuel rods
near the top of the core. The deposits were especially
thick (about 100 pm) in Spans 5a, 5b, 6a and 6b, the
regions of intense sub-cooled nucleate boiling on high-
duty feed (first cycle) fuel assemblies. Two fuel rod crud
scrapes were examined in this work. These are henceforth
identified as scrapes #1 and #2, and were taken on April
16, 1998 from span 6a of high-power feed fuel assemblies
L22 and L31, respectively. These assemblies had been in
service for about 18 months, accumulating 25.5 and
22.8 GWd/tU burn-up, respectively. The power parame-
ters for assemblies L.22 and L31 are listed in Table 2.
The end of cycle (EOC) rod power calculated to account
for the observed AOA and the predicted assembly power
without AOA, are shown in the last two columns of Table
2. The clad temperature of these assemblies was estimated
to be about 348 °C.

The samples were obtained using an established Wes-
tinghouse scraping technique [10,11] by taking 30-cm-long
scrapes along fuel rod surface. The dislodged crud was col-
lected by drawing the spent fuel pool water containing the
deposit suspension into a polyethylene sample bottle by

Table 2
Local power characteristics of sampled fuel assemblies at the end of
Cycle-9

Sample Assembly Relative Burnup AOA Rod/ Assembly/
power at EOC (%) assembly average
at EOC (GWd/ power core
tU) ratio power
ratio
#1 L22 1.170 22.844 —14.1 1.286 1.16
#H2 L31 1.309 25.555 —18.3 1.304 1.34
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means of a vacuum system, followed by filtration through a
0.45-pm-pore-size 47-mm diameter Millipore filter mem-
brane. The filter cake of collected solids was then washed
twice with 100 mL of de-ionized water to remove any solu-
ble material.

3. Analyses
3.1. Radionuclides

The filter packages received by AECL contained a 30-
mm-diameter, brown-coloured ~10-um-thick crud cake
and numerous fragile ~0.05 to 0.12-um-thick and ~1 to
3-mm-sized flakes, either loose or loosely attached to the
filter surface. The flakes were very fragile and broke easily
if touched gently. Radiation surveys indicated contact dose
rates of about 5 R/h gamma and about 5 R/h beta. The
total gamma activity on January 30, 1999 was 0.6 mCi
for sample #1 and 1.5 mCi for sample #2. Specific activities
were determined using a small portion of the solution
obtained by dissolving 2.6 mg of sample #1 crud flakes in
a 50 mL volume of solvent. The sample analyzed was that
used for the quantitative chemical analysis (see Table 6).
The gamma spectroscopy analysis and weight data showed
the specific activity of ®*Co on 1997 April 16 to be about
14 mCi/g. The count rate of o-particles was 40000
50000 counts/min per filter; the specific a-activity of crud
was determined to be about 1.4 pCi/g.

Small fragments of the filter paper and some loose flakes
were analyzed using a calibrated gamma spectrometer with
a high-purity coaxial germanium detector. The gamma-
emitting radioactive isotopes identified in the samples,
and their respective activities on June 11, 1999, are listed
in Table 3. The main radioisotopes found were activated
corrosion products through the reactions **Fe(n,p)**Mn,
Ni(n,p)*#Co, *°Co(n,y)*°Co, **Zr(n, 7v)*Zr(B7)*’Nb,
and '?*Sb(n,y)'?*Sb. The **Co isotope is a dominant source
of radioactivity in Ni-rich fuel crud samples, and the high
3BCo/%Co ratio is an indicator of a high Ni/Co ratio.
Decay correction of data in Table 3 to the end of Cycle 9
indicates that the *Co/*°Co ratios for the sample #1 filter
cake and flakes are 32.9 and 23.7, respectively. The respec-
tive ratios for the sample #2 filter cake and flakes 1 and 2
removed from #2 sample are 34.4, 24.0, and 22.4, respec-

Table 3

tively. Thus, the filter cake samples have consistently
higher initial **Co/%°Co ratios (33-34) than the loose flakes
(22-24). This may suggest that during exposure to neutrons
the average Ni/Co ratio was lower in the crud flakes than in
the fine particles collected in the filter cake, or that the
exposure time of the crud flakes was longer than the expo-
sure time of material collected in the filter cake.

The X-ray and y-emitters in the energy range below
80 keV cannot be detected by conventional general-pur-
pose gamma spectrometers, such as the one used for the
measurements discussed above. A good definition of
low-energy activities was needed for developing the best
procedures for further work, particularly for X-ray fluo-
rescence (XRF), Mossbauer spectroscopy, and electron
microscopy. The low-energy vy-rays and X-rays were
measured with a liquid-nitrogen-cooled intrinsic planar
1-cm-thick germanium detector equipped with a very thin
beryllium window. The low-energy part of the spectra
were dominated by overlapping X-ray lines of 5.4 keV
CrK,, from ¢ decay of *Mn, 5.9 keV MnK,, from ¢ decay
of *°Fe, 6.4 keV FeK,, from ¢ decay of **Co and 6.9 keV
CoK,, from B -decay of *°Co. In the middle of the spec-
tra, one finds 15.8keV ZrK, and 17.7keV ZrKjy lines
from Zr XRF of the sample, 16.6keV NbK, and
18.7keV NbKjy lines from B~ -decay of %7r, as well as
a 23.9keV peak ascribed to gamma rays from ''°™Sn.
At higher energies, one finds lines of 27.5 keV TeK, and
31.0keV TeKy from B~ -decay of '*°Sb, 25.3keV SnK,
and 28.5keV SnKjp lines from electron conversion in
119mgn. and the 35.5keV gamma-ray line of '**Te from
B~ -decay of '*°Sb.

The XRF provided the first evidence of an unexpectedly
large content of zirconium in the samples. The XRF spec-
tra of crud samples were obtained using a 20 mCi 'Cd
excitation source emitting 22.1 keV and 24.9 keV AgK X-
rays and a liquid-nitrogen-cooled Li-drifted silicon detec-
tor. The best-resolved and distinct lines in the XRF spectra
were 7.5 keV NiK,, and 8.3 keV NiKg lines, and 15.8 keV
ZrK, and 17.7keV ZrKy lines. X-ray emission spectra
showed overlapping X-ray lines from & decays of **Mn
(5.4 keV CrK,), *>Fe (5.9 keV MnK,) and *®Co (6.4 keV
FeK,), as well as a 6.9 keV CoK,, line from B~ -decay of
%0Co. Because of the strong interference of X-rays from
the specimen’s own radioactivity, the concentration of Fe

Gamma activities of small fragments of crud samples referenced to June 11, 1999

Isotope Half-life #1 cake (%) #1 flake (%) #2 cake (%) #2 flake 1 (%) #2 flake 2 (%)
*Mn 312.2d 15.4 16.0 17.9 15.0 15.3
STCo 271.8d 14 1.1 1.0 1.2 1.1
8Co 70.9 d 30.4 243 27.9 24.7 234
0Co 527y 49.1 53.8 42.8 54.5 55.1
%57n 243.8 d - - 0.3 0.2 0.2
SZr 64.0 d 1.0 1.5 2.0 0.6 0.7
%Nb 35.0d - 0.7 4.5 1.5 1.8
13gn 115.1d 0.7 0.7 0.9 0.6 0.5
125gh 276y 2.0 2.0 2.9 1.7 1.8
Total (x10° Bq) 0.7 1.4 0.5 1.9 2.4
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could not be determined from the intensity of the unre-
solved 6.4 keV FeK, line in the XRF spectra.

3.2. Mdssbauer spectroscopy

Méssbauer absorption spectra of the 14.4-keV >'Fe y-
rays were obtained to determine the phase composition
of iron-bearing compounds in the crud samples. This is
the first instance in which Md&ssbauer spectroscopy has
been successfully applied to crud samples from nuclear
reactor fuel. In general, Mdssbauer spectroscopy of fuel
crud samples is difficult, because (i) the samples’ alpha,
beta and gamma radioactivity produces high radiation
fields; (i1) the iron concentration is small compared with
nickel and zirconium; and (iii) the fragile samples are diffi-
cult to handle for the preparation of absorbers of suitable
form, uniform density, and homogeneity.

Maéssbauer absorbers were prepared from either 50% of
the filter cake or about 3 mg of the loose debris. The sam-
ples were encapsulated in thin gamma-transparent plastic
containers, without pressing or damaging the flakes, and
without using any filling material or glues. The analyses
were carried out with an Amersham 50-mCi single-line
Mossbauer source of *’Co in a 6-pum rhodium matrix.
The velocity scale of the spectrometer was calibrated using
a 25-um-thick a-Fe absorber. All spectra were recorded at
room temperature using a Reuter—Stokes Kr—CO, propor-
tional counter and a Halder—Canberra Mossbauer
spectrometer.

The Mossbauer absorption spectra of >’Fe in the crud
samples are presented in Fig. 1. Each spectrum was
recorded for 45 days to acquire adequate counting statis-
tics. The spectra were interpreted as the superposition of
hyperfine sextuplets and doublets of Lorentzian-shaped
absorption lines. The numerical results of the least-
squares analyses listed in Table 4 include the determina-
tion of 0., the centroid shift relative to that of o-Fe at
295 K; AEq, the quadrupole splitting at the iron sites;
I', the line-width for the Lorentzian distributions; H, the
hyperfine magnetic field at the iron sites; and A/B, the
area ratio of spectral components from iron at A- and
B-sites in the spinel-type matrix. The total spectrum areas
(in arbitrary units) and the fractional areas under individ-
ual spectrum components (as a percent of the total spec-
trum area) are also listed. The numbers in parentheses are
the one-sigma statistical errors of the last significant digit.
The numbers given without errors were fixed during the
fitting procedure.

The spectrum component consisting of two overlap-
ping sextuplets could be readily ascribed to nickel fer-
rite, NiFe,O4. However, the central quadrupole-split
doublet did not have an immediately available interpre-
tation. This unknown doublet dominated the spectra of
filter flakes, while its intensity was considerably smaller
in the spectra of the filter cake. The centroid shift value,
Ope = 0.37 mm/s, for this component was typical of
octahedrally coordinated Fe*' ions, although the corre-
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Fig. 1. ¥Fe M&ssbauer transmission spectra obtained at room temper-
ature of fuel crud samples in the form of flakes and filter cake.

sponding magnitude of the electric quadrupole splitting
AEq ~ 1.2 mm/s appeared to be rather large for com-
mon ferric oxides with octahedrally coordinated Fe®"
ions.

In an attempt to identify this unknown component, var-
ious possibilities within the set of Fe and Fe/Ni-oxides and
oxyhydroxides systems, metallic alloy phases, phases such
as an ‘Fe in NiO’ solution phase, or very small nickel ferrite
particles were considered, but none gave an acceptable
spectrum match. The possibility that the unknown doublet
represented an iron borate was considered, but the litera-
ture review uncovered no iron borates with the appropriate
spectral parameters. A better match was found with the
iron-nickel borates. Published dre and AE, Mdossbauer
parameters of one of the boro-ferrites in the ludwigite—
vonsenite series [12-16], known as the mineral bonaccor-
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Table 4

Results of ’Fe Méssbauer spectroscopy analyses of fuel crud samples and some reference specimens

Sample Phase/site Total area Rel. area (%) Ope (mm/s) AEq mm/s) H (Tesla) W (mm/s) Fraction (wt%)
Crud samples
#1 flakes Ni,FeBOs 0.024 67(2) 0.37 1.17 - 0.56(1) 85.9
NiFe,O4 (A) 25(2) 0.23 0.04 49.2 0.53 14.1
(B) 8(2) 0.37 —0.06 52.2 0.54
#1 cake Ni,FeBOs 0.029 27(2) 0.37 1.17 - 0.57 65.8
NiFe,O4 (A) 33(1) 0.23 0.04 49.2 0.53 20.3
(B) 122) 0.37 ~0.06 522 0.54
54-FeOOH 28(1) 0.37 —0.27 37.5 43(5) 13.9
# flakes Ni,FeBOs 0.032 73(1) 0.37 1.17 - 0.57(1) 86.5
NiFe»0, (A) 21(1) 0.23 0.04 492 0.53 13.5
(B) 6(1) 0.37 —0.06 52.2 0.54
#2 cake Ni,FeBOs 0.046 22(1) 0.37 1.17 - 0.57 71.7
NiFe,04 (A) 32(1) 0.23 0.04 49.2 0.53 17.2
(B) 12(1) 0.37 —0.06 52.2 0.54
a-FeOOH 34(1) 0.37 —0.27 37.0 5.7(5) 11.1
Reference data
This work Ni,FeBOs 0.172 100 0.36(1) 1.17(1) - 0.52(1)
Ref. [18] 100 0.36 1.20 - -
Ref. [19] Site 1 - 10 0.29 1.08 - 0.26
Site 2 - 30 0.34 1.28 - 0.33
Site 3 - 54 0.38 1.08 - 0.31
Site 4 - 6 0.35 1.93 - 0.36
This work NiFe,0, (A) 0.272 44(2) 0.23(1) 0.04(1) 49.2(4) 0.53(1)
(B) 56(2) 0.37(1) —0.06(1) 52.2(3) 0.54(1)
Ref. [20] NiFe,04 (A) - 50 0.26(3) 0.00(3) 49.7(5) 0.5
(B) 50 0.36(3) 0.00(3) 52.6(5)
This work  0-FeOOH - 100 0.37(3) ~0.27(3) 38.2(5) 1.00

Jre is the isomer shift with respect to >’Fe in an a-Fe absorber, AE is the electric quadrupole splitting, and W is the full linewidth at half maximum. Last

digit(s) errors are given in parentheses.

dite (formula Ni,FeBOs) [17], matched the doublet param-
eters measured on the Callaway crud surprisingly well.

The four Méssbauer spectra of Callaway crud samples
were fit to library spectra of Ni,FeBOs, NiFe,Q, sites A
and B, and o-FeOOH by adjusting the relative quantities
of these components to provide the best fit with the spectra
of the crud samples. To obtain the final fit, the parameters
derived from reference spectra of synthetic Ni,FeBO5 and
NiFe,O4 were used. Table 4 lists the results of this analysis,
together with the measured parameters of reference
specimens.

Reference samples of NiFe,O,4 and Ni,FeBOs were pre-
pared from simple oxides or oxy-hydroxides by both dry
(sintering in air) and wet (hydrothermal reaction and crys-
tallization) methods. In the dry synthesis, stoichiometric
mixtures of NiO and Fe,O3 (for NiFe,O4), and NiO,
Fe,O; and H3BO; (for Ni,FeBOs) were calcinated at
500 °C for 24 h, ground to a powder, and sintered for
24 h at 900 °C and 1000 °C in air. Nickel ferrite was also
produced from slurry of NiO and Fe,O3 at temperatures
of about 300 °C. Ni,FeBOs was fabricated at temperatures
starting from 400 °C from slurry of NiO, Fe,O;, and
H;BO3;, with the addition of LiOH to create a sufficiently
alkaline environment. The particles of Ni,FeBOs produced
by hydrothermal reactions had a similar morphology as the
needles observed in the reactor crud.

The Mossbauer spectra of the synthetic NiFe,O4 and
Ni,FeBOs, as well as that of two reference mixtures of

these compounds in 1:1 and 1:4 weight ratios, are presented
in Fig. 2. The spectra of the mixed compounds clearly
match the corresponding spectra of the crud samples
shown in Fig. 1. The parameters of the Mdssbauer spectra
are listed in Table 4.

Determining weight fractions of the identified iron com-
pounds from their relative spectral areas requires some
assumptions to be made about the values of the Lamb-
Maoéssbauer factors f, for Ni,FeBOs, NiFe,04, and o-FeO-
OH. The value of f, for Ni,FeBOs has not been measured;
thus, it was simply assumed that the f; factors for all three
compounds are equal. The results are summarized in the
last column of Table 4.

The following is a brief discussion of the properties of
Ni,FeBOs and NiFe,O4 found in the fuel crud samples
studied in this work.

Compounds of the general formula M,FeBOs (where
M = Fe, Ni, or Cu) were first synthesized by dissolution
of M>0O; in an alkaline boric medium, followed by slow
cooling [12,13]. These anhydrous oxyborates have the
general chemical formula M(I1),M(II1)O,(BO3); where
M(I) = Mg*", Fe*', Co*", Ni*', Cu®", etc, and
M) = AP, Ti*Y, ¥, Mn**, Fe**, Co®t, Ga®™, etc.
These compounds have the same structure as the mineral
ludwigite (Mg,FeBOs), which has an orthorhombic-bipy-
ramidal unit cell (space group VZ—Pbam) (13-16]. In the lud-
wigite structure, MOyg octahedra share edges, giving rise to
zig-zag walls that are parallel to a short crystallographic
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Fig. 2. >"Fe Méssbauer transmission spectra obtained at room temper-
ature of synthetic NiFe,O4 and Ni,FeBOs, and two samples of NiFe,O4
and Ni,FeBOs mixed in 1:1 and 1:4 weight ratios.

c-axis of length ~0.3 nm, equal to the intra-chain metal-
metal distance. The boron ions remain at the centers of pla-
nar-trigonal borate groups, BO;~, which is the strongest
bonded group of ions in the structure. The simplified crys-
tal structure of bonaccordite is shown in Fig. 3. Note that
the covalent bonds between boron and oxygen in these
groups are among the strongest known chemical bonds.
Like the other minerals of the ludwigite type, Ni,FeBOs
crystallizes in the form of slender long rods with acicular
habits (‘needles’). Typical of an anhydrous borate, it is
insoluble in water and is only very slightly soluble in com-
mon mineral acids. It has high density (5.17 g/fcm’) and
high hardness (7 in Mohs units), similar to quartz. It is a

Fig. 3. Simplified crystal structure of bonaccordite N,FeBOs.

one-dimensional magnetic and electronic material-para-
magnetic at room temperature and antiferromagnetic
below 51 K.

Mossbauer spectra of Ni,FeBOs samples of mineralogi-
cal origin have not been reported to date. The room tem-
perature Mossbauer spectrum of synthetic Ni,FeBOs [18]
represents a doublet of broad absorption lines, with a cen-
troid shift of g, = 0.36 mm/s and a quadrupole splitting of
AEG=1.20 mm/s (see Table 4). Recent Mdssbauer studies
by Fernandes et al. [19] indicate that Fe*" ions are distrib-
uted in Ni,FeBOs over four non-equivalent crystallo-
graphic sites, each described by different values of Jr,
and AEq, and different site populations A (see Table 4).
However, since the population of sites 1 and 4 is relatively
small, the Mossbauer spectra of Ni,FeBOs can be fairly
well approximated by a superposition of two quadrupole
doublets at sites 3 and 2, or even one doublet of two broad-
ened absorption lines, as was assumed by Abe et al. [18].
The single-doublet approximation was used in this work.
The parameters of the central doublet in the spectra of crud
samples (0. = 0.37 mm/s and AEqg = 1.18-1.26 mm/s, see
Table 4) were derived from least-squares analysis, and
agreed well with averaged values of the corresponding
parameters reported in the literature for synthetic
Ni,FeBOs, as well as with the values of these parameters
obtained by us for synthetic samples.

The mineral trevorite, a stoichiometric nickel ferrite, is
an inverse spinel, in which the tetrahedral A-sites are occu-
pied by Fe*" ions and the octahedral B-sites by Fe*" and
Ni*" ions. The general formula of stoichiometric nickel fer-
rite can be written as (Ni)[Ni,Fe]O4; where the round and
square brackets represent A- and B-sites, respectively.
The magnetic structure is generally assumed to be the Néel
collinear type, that is, the magnetization of the A-sublattice
is anti-parallel to that of the B-sublattice. The room tem-
perature Mdssbauer spectrum of nickel ferrite exhibits
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two overlapping six-line hyperfine patterns corresponding
to *’Fe in A- and B-sites [20] (see Table 4).

In the Mossbauer spectra of fuel crud samples, the out-
ermost B-lines of NiFe,O,4 are considerably broader and
less intense than the corresponding A-lines, whereas the
second and fifth lines are unresolved (see Fig. 1) and can-
not be separated into A- and B-site components. This type
of effect in the Mdossbauer spectrum of NiFe,O4 can be
attributed to either non-stoichiometry [20] or very small
particle size [21,22]. In the present case, non-stoichiometry
is likely caused by chromium ions. Chemical analysis of
sample #1 crud cake and flakes (see Table 6) yielded Cr/
Fe weight ratios of 0.11 and 0.03, respectively. Chromium
ions would preferentially occupy the octahedral B-sites in a
mixed nickel-chromium-iron ferrite of the general formula
(Ni;_yFey)[NiyFe,_y_>Crz]04; where X, the inversion
parameter, can be as high as 1. It was shown [23] that for
Z as low as 0.05, the intensity of the outer lines in the
Maossbauer spectrum is notably reduced compared with
the spectrum of pure NiFe,O4. Because much of the iron
in the crud is consumed by the formation of Ni,FeBOs,
the resultant Cr/Fe ratio in the nickel ferrite found in the
crud may be even higher than 0.1. At that weight ratio,
the Mossbauer spectrum would exhibit only a single unre-
solved sextuplet of lines with notably reduced magnetic
hyperfine splitting. This fairly accurately describes the pat-
tern observed for nickel ferrite in the crud samples.

The notable broadening of NiFe,O,4 lines in the crud
samples can be ascribed to both non-stoichiometry and
the small size of the observed particles. A study of Moss-
bauer spectra of nickel ferrite particles with compositions
close to NigoFe, 04 and particle sizes in the range of
25-130 nm revealed that the smallest particles in this range
exhibited line broadening and a slightly reduced hyperfine
field [21]. The effect has been related to a collective excita-
tion mechanism. According to this mechanism, thermally
excited oscillations of the magnetization around an energy
minimum below the super-paramagnetic blocking tempera-
ture reduce the magnetic hyperfine splitting in the M&ss-
bauer spectrum, resulting in asymmetrically broadened
lines.

In the Mossbauer spectra of fuel crud samples there
appears a third, rather poorly defined component. This
component has been ascribed to goethite a-FeOOH, which
is a common phase in corrosion products formed in moist
air or oxygenated water. Goethite is antiferromagnetic
below the Néel temperature, Ty ~ 393 K. The Mossbauer
spectra of stoichiometric and well-crystallized goethite
exhibit, at room temperature, a sextet of absorption lines
described by the parameters listed in Table 4. Mdssbauer
spectra of colloidal goethite in corrosion products often
show a considerable broadening of the lines, or show a
characteristically asymmetric pattern of six wide overlap-
ping lines. Such a spectral shape has been explained by
super-ferromagnetism, that is, magnetic coupling among
goethite crystallites in the size range of 0.1 pm or less
[24,25].

The goethite parameters identified in both filter cake
samples suggest that this material may also occur in the
form of very small crystallites. X-ray diffraction patterns
of such fine particles may not be well characterized. Since
goethite is unstable at reactor core temperatures at power,
its presence in fuel crud must be via post-shutdown forma-
tion, either the result of oxidizing conditions at shutdown,
or storage of the fuel in air-saturated spent fuel pool water.
The presence of colloidal goethite in the filter cake samples,
but not in the crud flakes, suggests that the goethite col-
lected on filter papers could have been formed upon expo-
sure of crud to oxidizing conditions during transfer and
storage in the spent fuel pool.

Several other compounds were also considered during
the analysis of the Mossbauer spectra: Iron borate
(FeBOs), an antiferromagnet with Néel temperature of
348 K, exhibits at room temperature an internal hyperfine
magnetic field of H=33T, a quadrupole splitting of
AEq = —0.38 mm/s, and a centroid shift of dg ~ 0.3 mm/
s, typical of Fe** [26]. In view of the similarity of these
parameters to the Mdssbauer parameters of goethite, the
presence of a small amount of this material cannot be
excluded in the filter cake samples. Iron orthoborate
(FesBOg), a weak antiferromagnet with a Néel temperature
of 508 K, exhibits at room temperature two sextets with
hyperfine magnetic fields of H=42.6 T and 45.8 T. The
sextets are ascribed to two different Fe*™ octahedral sites,
with both the site occupancy and spectral intensity ratio
equaling 1:2. The values of Jp. and AEg have not been
reported for this compound. A very small fraction of
Fe3;BOg, less than 1-2% Fe, is not ruled out within the spec-
tral resolution in the Callaway crud. Another possible com-
pound known to form in Ni-Fe-B-O systems, a Ni—Fe
borate (NiFeBQ,), yields at room temperature a quadru-
pole splitting of AEq =71 mm/s and a centroid shift of
Ope = 0.44 mm/s [18]; the spectral component that has
these parameters has not been identified.

Tin, which is the alloying element of Zircaloy (about
1.5 wt%) and Zirlo (about 1.0 wt%), was found at a con-
centration (0.7 wt%) in the Callaway crud samples (see
Table 5). Mossbauer emission spectra of 23.9 keV y-rays
from "°™Sn in the crud samples were obtained using a
polycrystalline SnO, absorber. As seen in Fig. 4, the spec-
tra of the filter cake and flakes were similar and closely
resembled the reference spectrum of a SnO, absorber. Sim-
ilar Mssbauer spectra of Sn** were reported previously in
filtered primary coolant samples from CANDU reactors
and in the oxidation products of Zircaloy [27]. The spectral
parameters of crud samples have been compared with those
of several reference absorbers in Table 5. The reference set
included tin oxides SnO and SnO,, metallic tin B-Sn, Zr—
1%Sn alloy, as well as Zircaloy-4, and oxidized Zircaloy-
4. The analysis indicates that tin in fuel crud is present
either in the form of very small particles of SnO, or, more
likely, it substitutes for isovalent Zr*" in ZrO, precipitates.
The reduced oxidation state of tin, Sn>", would have easily
been distinguished in ''*™Sn M&ssbauer spectra, but it was
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Table 5
Results of the ''”Sn Méssbauer spectroscopic analyses of crud sample #2
and of some reference samples at 295 K

Sample 6 (mm/s)  AEg (mm/s) W (mm/s)
Crud samples

#2 flakes —0.17(1)  0.94(2) 1.48(6)
#2 cake —0.14(1)  0.84(2) 1.57(4)
Reference data [27]

Sn0O, —0.02(1)  0.57(1) 1.04(1)
S$no 267(1)  1.34(1) 1.25(1)
B-Sn 249(1)  0.43(1) 0.94(1)
Zirlo 1.67(1)  0.47(1) 0.74(1)
Zircaloy-4 1.714)  0.34(1) 0.76(2)
Zircaloy-4 oxidized 700 °C/1d 0.05(1)  0.63(2) 0.99(5)
Sn in CANDU coolant 0.00 (1)  0.88(14) 0.58(31)

J is the isomer shift with respect to the reference Ca''*™SnOssource, AEq
is the electric quadrupole splitting, and W is the full linewidth. Last digit(s)
errors are given in parentheses.

100 Lo
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Fig. 4. '""™Sn Mdssbauer emission spectra of #2 fuel crud samples
obtained at 295 K with a SnO, absorber. Top: filter cake. Bottom: loose
flakes.

not observed either in filtered CANDU coolant samples or
in the Callaway samples.

3.3. X-Ray diffraction analysis

X-ray powder diffraction on plate-mounted samples was
carried out with a Philips Analytical diffractometer using
CuK,; radiation (40 kV, 120 mA) monochromatized with
curved pyrolytic graphite. Scans were made in the 2@ range
from 10° to 80° in 0.02° steps and a fixed counting time per
step. The flake pattern was obtained from a ~3-mm?-sized

flake from sample #1 that was crushed to make a powder
sample and flat-plate mounted on a thin glass plate. The fil-
ter cake pattern was obtained for a 1-cm” segment of the
#2 filter. Both patterns are very complex, as is seen in
Fig. 5. They are compared with the diffraction patterns
of reference samples of Ni,FeBOs, NiO, NiFe,O4 and m-
ZrO,, mixed in proportions 25:25:25:25wt% and
40:10:10:40 wt%. The individual diffraction patterns of
NiO, NiFe,04, Ni,FeBOs and m-ZrO, are shown in Fig. 6.

The weight fractions of the various crystalline phases in
crud were determined by comparing the intensity of diffrac-
tion lines with the respective lines in reference samples. A
strong and well-resolved 111 peak of m-ZrO, was used

1 L
Filter Cake
ol 0.25 NioFeBOs
0.25 NiFe;04
1k 0.25 NiO
0.25 m-ZrO,

Counts (x10%)
o

1 L
Powdered Flakes
0 -
al 0.4 Ni»FeBOs
0.1 NiFe;Oy4
0.1 NiO
i 0.4 m-ZrO,

20 40
2@ (degree)

60 80

Fig. 5. X-ray powder diffraction patterns of two fuel crud samples and
two synthetic reference samples.
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for intensity normalization. The crud flake pattern indi-
cated prominent diffraction peaks at 2@ angles expected
for Ni,FeBOs (50 wt%), m-ZrO, (30 wt%), NiO (10 wt%),
and NiFe,O4 (10 wt%). The crud cake pattern could be best
described as a mixture of Ni,FeBOs (40 wt%), m-ZrO,
(30 wt%), NiO (15 wt%), and NiFe,O4 (15 wt%). Neither
Ni metal nor inclusions of tetragonal ZrO, were seen in
these diffraction patterns.

A comparison of the ratios between weight fractions of
Ni,FeBOs and NiFe,O4 determined from XRD (5.0 for #1
flake and 2.7 for #2 filter cake) and Mossbauer spectros-
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NiFes04
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2 1}
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Ni>FeBOs
0 <
2 L
m-ZrOZ
0
20 40 60 80
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Fig. 6. X-ray powder diffraction patterns of individual reference
specimens.

copy (6.1 and 4.2, respectively) shows a rather good agree-
ment between the two methods.

3.4. Elemental analysis

These analyses presented the challenge of developing
procedures for dissolving reactor crud on filter paper or
as loose crud flakes, with quantitative recovery of boron.
The analyses were initially hampered by the inability to dis-
solve the entire sample; large amounts of residue remained
after digestion that could not be dissolved in mixed HCI,
HNO; and HF. As noted above, Ni,FeBOs is very difficult
to dissolve, eliminating the possibility of using a simple
acid dissolution procedure. Conditions aggressive enough
to dissolve the sample would also partially volatilize the
boron. Several fusion—dissolution techniques were investi-
gated and the efficiency of dissolution was found to be best
after fusion with Na,O,. After the sodium peroxide fusion,
the acid dissolution was complete, boron recovery was
excellent and contamination was low.

Once dissolved, B, Fe, Ni, Zr, the '°B/!'B isotopic ratio,
and various impurities could be measured by a combina-
tion of inductively coupled plasma (ICP), atomic emission
spectroscopy (AES) and mass spectrometry (MS). A Perkin
Elmer Optima 3300 ICP-AES instrument and a Varian
Ultramass ICP-MS instrument were both configured for
radioactive work. Examples of the results are presented
in Table 6. The analysis of the synthetic Ni,FeBOs sample
gave Ni, Fe, and B in agreement with its chemical formula.
A 2-cm? segment of sample #1 filter and 2.6 mg of sample
#1 crud flakes were then successfully fused and digested.
Assuming that all the boron in the crud is present as
Ni,FeBOs, the median values of the elemental analysis
for the sample #1 filter cake in Table 6 yielded the follow-
ing weight composition: NiFeBOs — 26 wt%, ZrO, —
31 wt%, NiO — 22 wt%, and NiFe,O4 — 21 wt%, in fairly

Table 6
Results of ICP-AES and ICP-MS analyses for reference Ni,FeBOs and
filter #1 samples

Element Ni,FeBOs Filter #1 (2 sz) Flakes #1
(ne/g) (ng/sample) (ng/e)

Al <500 <35 3400 + 600

B 42000 + 5000 38+3 23000 = 3000

10 o, - 11.54+0.3 10240.2

Ca <13000 <250 <60000

Co 180 + 60 1.3+0.6 500 + 120

Cr <120 64 +4 2800 =4 300

Cu <200 3.5+1.0 1700 + 400

Fe 213000 = 20000 570 + 35 109000 = 11000

K <6000 <110 <4000

Li <140 40415 1000 == 3000

Mg <30 1.1+04 <10000

Mn 120 40 18.5+1.0 7500 =+ 800

Ni 441000 =+ 50000 1220 + 75 320000 + 30000

Si n/a n/a 12000 + 6000

Sn n/a n/a 7000 =+ 4000

Zr n/a 840 + 50 134000 = 13000

n/a — not analyzed.
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good agreement with the XRD results for another part of
this sample. A similar calculation for the sample #1 flakes
yielded the following weight composition: NiFeBOs —
60 wt%, ZrO, — 18 wt%, and NiO — 22 wt%, with too little
Fe remaining to account for any NiFe,O,4. Some NiFe,Oy4
could be present in this sample if one assumes the extremes
of the experimental errors for the B, Fe and Ni analyses.
Based on several assays, elemental analysis by ICP-AES
showed that the boron concentration increases with an
increasing Ni/Fe ratio in the crud samples.

Boron isotopic measurements by ICP-MS were made on
the Na,O,-fused and completely dissolved aliquots of #1
sample. Standard reference materials, with certified values
for the boron isotopic ratio, were used to correct for mass
bias in the ICP-MS. The measured '°B isotopic fraction in
the filter cake was 11.5 + 0.3%, whereas the flakes gave
10.2 4 0.2%. This latter value was obtained for a significant
mass of the flakes (2.6 mg); thus, the reported ratio is rea-
sonably representative of the average value for the crud
under this study. Note that these values are significantly
lower than the 19.9% abundance of '°B in natural boron
and about 17% abundance of '°B measured in reactor cool-
ant at the end of Cycle 9.

3.5. Auger electron spectroscopy

Scanning Auger electron microscopy was used to deter-
mine the presence of boron at the surface of the crud flakes
and the Ni,FeBOs needles. The measurements were carried
out on a Perkin Elmer PHI 670 Auger Nanoprobe
equipped with a Schottky field-emission electron gun for
high brightness and 20-nm spatial resolution, a cylindri-
cal-mirror electron analyzer, a NORAN EDX system for
X-ray analysis, an ion gun for removal of surface layers
by sputtering, and in situ fracture capability. The electron
energy of 3keV was chosen because it gave the best
boron-to-oxygen signal ratio. Auger electrons were mea-
sured at energy ranges between 0 and 1000 eV, permitting
the identification of the principal Auger electron peaks of
interest: KLL peaks for B at 179eV, C at 272¢eV, N at
379 eV, and O at 503 eV; and LM M peaks for Fe at 598,
651 and 703 eV, and Ni at 848 eV (less intense peaks were
measured at 783 and 716 eV). Zr has an MNN peak at
147 eV, but it is of low intensity. The penetration depth
of Auger electrons, that is, the sampling depth, was about
5 nm for Fe and Ni, and less than 1 nm for B and Zr, mak-
ing the detection of B and Zr very difficult.

The Auger electron spectra of a reference sample of
boron nitride (BN) and a synthetic sample of Ni,FeBOs
are shown in Fig. 7, along with the Auger spectrum of a
sample #1 crud flake sample. The freshly fractured surface
of BN gave the Auger peaks of B and N near 180 eV and
380 eV, respectively, with some contamination by C and
O, as shown in Fig. 5 (top). Despite the low energy
(3 keV) and current (7.6 nA) of the primary electron beam,
as well as the steep sample-tilt angle (30°-40°), peak shifts
of about 10-20 eV were observed due to strong sample
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Fig. 7. Auger electron spectra of fracture surface of boron nitride
reference sample (top); fracture surface of synthetic Ni,FeBOs (middle);
and argon-beam-sputtered surface of Ni,FeBOs-rich area of the crud flake
(bottom).

charging effects. The Auger spectra of the fractured syn-
thetic Ni,FeBOs surface (middle) and the Ar-ion-sputtered
crud flake surface (bottom) show similar peaks of Ni, Fe,
O, and B. The KLL Auger lines of carbon were also
observed in all samples, but these were likely from air or
water contamination. The crud sample may also have
had a small 260 eV LMM peak of potassium. Lithium is
very difficult to observe by this method because it has only
a very low-energy 45 eV KLL line within a region of sec-
ondary Ni and Fe lines.

Semi-quantitative analysis of the Auger spectra was
based on published peak-to-peak amplitudes of selected
lines and graphs of relative sensitivity factors S(E,) for
Ni, Fe, B, O, and N at £, = 3 keV. This method was sub-
ject to errors due to matrix effects on electron escape depths
and backscattering factors, chemical effects on peak shapes
and surface topography. This method also did not include
any scale factors. The reference sample of BN yielded
an approximate elemental concentration ratio of B:N =
57:43. Similarly, the reference sample of synthetic
Ni,FeBOs gave the proportion of elemental concentrations
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as Ni:Fe:B:O = 25:10:33:36. The Ni,FeBOs-rich crud sam-
ple gave Ni:Fe:B:O = 32:10:17:38, in fair agreement with
the chemical formula. The derived compositions are some-
what high in boron and low in oxygen — a likely result of
preferential sputtering of oxygen during the removal of sur-
face contamination by the argon ion beam.

3.6. Topography and morphology of samples

Small fragments of crud filters and numerous crud flakes
were examined using scanning electron microscopy (SEM).
A JEOL JXA-840A electron microprobe analyzer, adapted
for handling radioactive samples of high specific activity,
was used. The samples were mounted with double-sided
conducting carbon tape on aluminum stubs, and were then
gold-coated under vacuum. Examples of SEM micrographs
of crud flakes are shown in Figs. 8-11. In general, the
micrographs show crystallites of two different shapes: (1)
globular particles (small spheres or polyhedrons) mostly
about 1 um in diameter; and (2) long, slender acicular par-
ticles (needles, rods, fibers, hairs), typically about 10 pm
long and about 0.1 um thick (see Fig. 9). Needles were
common in some areas where they formed a felted matrix
(compare plates at the bottom of Fig. 8). The stereo
SEM method was used to better visualize and measure
the depth of the topographic features, such as chimneys,
voids, cavities, etc., in selected crud flakes. In particular,
stereo images showed numerous deep pores and cavities;
the ‘chimneys’ of fuel deposits. The stereo images also
showed that the matted matrix of needles lining the chan-
nels is very porous and that the individual needles in the

ake - clad side

chimneys were markedly thinner and longer than those in
the mat.

Energy-dispersive X-ray spectra (EDS) were recorded
using a Norvar Si(Li) X-ray detector with a very thin sap-
phire window. A 25-keV electron microbeam was usually
used to examine an area about 2 um in diameter. In order
to better quantify zirconium, EDS measurements were
also performed with a 35-keV electron microbeam. The
X-ray counts were corrected for dead time, background
and instrumental drift; they were also adjusted by making
matrix corrections for inter-element effects. A ‘standard-
less’ quantitative ZAF method was used to correct the
intensity ratios (K ratios) of nickel, iron, zirconium, and
other elements for the following effects: atomic number
(Z), which takes into account the mean ionization poten-
tials and the backscatter correction; absorption (A), which
corrects for the take-off angle, i.e., the path length tra-
versed by the X-rays, and the X-ray distribution; and
fluorescence (F), which takes into account the concentra-
tion of elements present in the sample. Several character-
istic points examined by EDS are depicted in Fig. 9.
Examples of ZAF-corrected EDS data for characteristic
crud features are listed in Table 7. It is to be noted that
the complex, porous nature of the crud samples reduces
the accuracy of ZAF corrections and the overall accuracy
of quantitative analysis of their elemental composition.
Note also that the determination of boron was not possi-
ble by the EDS technique because of the very low fluores-
cence yield of boron and the very small penetration depth
of its X-rays.

Quantitative examination of a number of crud flakes
yielded the following results. Typically, the areas densely

Crac;fac_e

1um

Fig. 8. SEM micrographs of a #1 crud flake taken at various magnifications. Left: flat cladding-side of flake. Right: crud near fissures or cracks.
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100 pm 1pum

Fig. 9. SEM micrographs of two #2 crud flakes obtained at various magnifications. Pointers indicate spots analyzed by EDS, as listed in Table 7.

Fig. 10. SEM micrographs of a #2 crud flake, showing characteristic structural details of the different crud components.
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Fig. 11. Top: SEM micrographs of a mounted crud flake. A stainless 304 steel mounting clip is seen to the far left and right as grey areas. The straight side
of the flake on the right is the fuel-clad side. The irregular left side of the flake is the side exposed to the coolant. Bottom right: backscattered electron
(BSE) image of a polished sample of the crud flake, compared with SEM image of the same area shown on the left. Horizontal lines and pointers indicate

approximately the direction in which the line profiles were taken.

Table 7
SEM-EDS data for Callaway fuel crud samples
Sample/area in Figs. § to 10 Sampled feature Ni Fe Zr Mn at.% Si Cr Mg Sn
#1 flakes No electron beam - 13.0 - 87.0 - - - -
General area 50.2 40.1 - 3.7 5.5 0.5 n/a
Needles 44.0 26.9 22 n/a n/a n/a n/a n/a
Large crystal 16.1 50.5 0.4 n/a n/a n/a n/a n/a
710, aggregate 10.0 5.6 81.8 n/a n/a n/a n/a n/a
NiO aggregate 32.1 5.3 3.5 n/a n/a - - n/a
#2 flakes General flat area 58.0 27.8 7.7 2.8 2.7 n/a 1.1 n/a
Rough area, 200x 42.5 21.3 32.1 n/a 0.7 2.9 n/a 0.6
Rough area, 1000x 82.3 10.1 4.4 n/a 0.5 1.3 n/a 0.7
General flat area 63.0 31.8 n/a 1.9 3.3 n/a n/a n/a
Zirconia particle 5.2 6.1 85.3 1.2 2.3 n/a n/a n/a
Flake-shaped particle 51.0 26.8 13.2 2.4 6.5 n/a - n/a
Needles in chimney 56.6 22.8 12.2 3.7 2.7 n/a - n/a
Half-depth on edge 59.8 31.9 4.6 2.5 1.2 n/a - n/a
A Flattened flake surface 57.5 27.6 7.7 2.3 4.8 n/a - n/a
B Flattened area 61.9 30.0 n/a 4.2 2.2 n/a 1.7 n/a
C General rough area 66.3 9.4 16.6 4.6 3.1 n/a - n/a
D Cluster of white particles 75.2 4.1 13.7 2.1 49 n/a - n/a
E Single white particle 61.0 10.1 18.0 3.7 4.5 2.7 - n/a
F Another white particle 64.2 9.8 15.3 3.0 3.6 2.5 1.6 n/a
G Zirconia particle 13.1 3.7 75.1 4.5 3.7 n/a - n/a
H General flat area 57.2 27.7 7.7 2.9 4.5 n/a - n/a
I General rough area 56.3 26.9 8.8 29 34 0.9 0.7 n/a
J On the edge 48.6 17.5 24.4 4.2 3.9 - 1.4 n/a
K Large white particle 46.9 32.8 13.2 2.3 2.9 1.9 - n/a
L Single white particle 62.1 19.5 10.3 1.8 4.9 0.3 0.8 n/a
M Cluster of white particles 26.5 26.5 389 29 43 1.1 - n/a
N Cluster of needles #1 59.1 26.4 8.0 3.1 2.8 0.5 — n/a
O Cluster of needles #2 59.4 26.4 7.0 2.9 3.6 0.7 - n/a

n/a — not analyzed.

The letters A to O for the #2 flakes refer to the areas indicated in Fig. 9.
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covered by needle-like particles on the clad-side of the
flakes, as well as the very thin fibers reaching deep into
the chimneys, consistently showed a Ni/Fe atomic ratio
close to 2. Only very few fibers were seen in the fractured
areas. Here, the particles were mostly oblate and showed
high Ni and Zr concentrations. In these fractures, numer-
ous zirconium-rich particles were seen as well, mostly in
the form of clusters of spherical particles having a size
of about 0.1-0.3 um. Traces of Mn, Si, Cr, and Mg
occurred at concentrations greater than 1 at.%, whereas
the concentration of Sn was less than 1 at.%. Some parti-
cles also contained Al, K, Zn or Ca. The content of Si
and Cr could not be determined for the mounted (dipped)
flakes, because silica and chromia were used as polishing
pastes. Note that the concentrations of Mn in Table 7 are
likely overestimated, because some of the MnK, counts
originated from the electron capture decay of >>Fe in
the crud. The magnitude of this effect was measured with-
out an electron beam, and is indicated by the background
results in the first row of the data in Table 7. The mea-
surements indicate that the background of the 5.9-keV
MnK,, X-rays from >>Fe was about 7 times stronger than
the background of the 6.4-keV FeK, X rays from **Co.
The EDS data for Mn have not been corrected for this
background contribution.

Higher magnification (20000x) yielded more detailed
information about the morphology of various types of
particles in the crud, as illustrated in Fig. 10. In general,
Ni,FeBOs particles were seen to take the form of needles
or rods, an average of 10 um in length and about 0.1 pm
in thickness. At the ‘flattened’ surface of the crud flakes
(i.e. the surface that was in contact with the fuel clad-
ding), the structure is composed mostly of packed, felted,
shorter and thicker ‘rods’. The needles are thinner and
hair-like on the surface of boiling chimneys. All these
acicular features have atomic Ni/Fe ratio near 2, as exists
in NizFCBO5.

The NiFe,Oy4 particles range in diameter between 1 and
2 um, and usually have the octahedral shape that is charac-
teristic of ferrites with a spinel structure. Some cavities
were seen around the particles, suggesting that the nickel
ferrite particles were formed by extracting Fe and Ni from
the surrounding matrix of Ni,FeBOs, or alternatively, that
the formation or positioning of Ni,FeBOs was retarded
in the proximity of the NiFe,O, particles.

The NiO particles were found mostly on the coolant side
of the crud flakes. They were often nested in the Ni,FeBOs
matrix, and the NiO particles also appeared to frequently
overgrow some of the Ni,FeBOs needles as they formed.
The observed NiO particles often seemed to form clusters
of tiny ~0.1-pm-sized, nearly spherical particulates.

The m-ZrO, particles consisted of aggregates of many
oblate crystallites sized between 0.1 and 0.3 pm. They
appeared to be clustered inside a mat of short Ni,FeBOs
needles, especially in the middle of the flake depth. Some
of the Ni,FeBOs needles appeared to have penetrated
through such aggregates.

3.7. EDS mapping and line profiles

Selected samples of crud flakes were embedded in acrylic
mounts and highly polished, using the procedure used for
metallographic microscopy. The thickness of the examined
flakes was about 100 pm. The surface of the samples was
plated with a thin gold film prior to the SEM examinations.
Selected SEM images obtained for one of the samples used
for depth profiling are shown in Fig. 11. The most charac-
teristic feature of the images shown in Fig. 11 is a 30-
40 um-thick band of compacted Ni,FeBOs needles parallel
to the clad surface. The band is especially dense at the
deposit-clad interface. To the left of the Ni,FeBOs5 band,
there is an irregular bright-spotted zone about 30 pm in
thickness. Here, aggregates of small particles of m-ZrO,
and some NiO and NiFe,0,4 are embedded in a low-density
mat of Ni,FeBOs needles. The distinct fishbone-like pat-
tern of somewhat curved, alternating bright and dark areas
in this zone suggests variations in density. These regions
have the appearance of the boiling micro-chimneys that
have been ascribed to the wick boiling mechanism [28].
An average spacing between these chimney-like features
is about 30 pum. Further to the left, there is a dark, espe-
cially low-density ~30-pm-thick zone, followed further to
the left by a bright irregular ~10-pum-thick coolant/flake
interface consisting mostly of dense aggregates of NiO
particles.

Additional information about the distribution of vari-
ous phases in the crud flake samples can be obtained from
backscattered electron (BSE) images. The backscattered
electron coefficient is strongly dependent upon the atomic
number Z, as well as upon the microscopic porosity of
the material. Since a flat, very finely polished surface has
little or no topography, most of the contrast in BSE images
results from variations in Z, i.e. from differences in chemi-
cal composition and local density. Characteristic BSE
images of the same area as the SEM image in are presented
in Fig. 11 (bottom, right). The BSE images were especially
effective in showing the three dense regions: (1) the dense
(squashed) region of Ni,FeBOs needles nearest to the sur-
face of the cladding; (2) the irregular spots representing m-
ZrO,-rich regions in the center of the flake; and (3) the
outer-edge region containing dense aggregates of nickel
oxide particles. In this particular flake, the thinner part
of the flake (at the bottom of the plates) has a larger area
of m-ZrO, aggregates, which appear to be denser and more
separated from each other. This seems to be associated
with thinning of the Ni,FeBOs zone. Fig. 12 presents dig-
ital SEM image and elemental EDS X-ray maps of Ni,
Zr, Fe, Si, and Mn in a small area of a mounted flake.
The characteristic elemental distributions across the flake
are clearly apparent in these maps. As seen, the nickel tends
to concentrate at the edges of the deposit flakes, near the
cladding surface and in regions exposed to the bulk cool-
ant. Iron tends to aggregate in the area adjacent to the clad
where, together with Ni, O, and B, it forms a band of
matted Ni,FeBOs needles. Iron also occurs sporadically
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as larger, octahedral or oblate NiFe,O, particles that
appear as bright spots. Zirconium aggregates in the central
region of the flake, appearing as stripes of m-ZrO, precip-
itate supported by a less dense matrix of Ni,FeBOs needles.
Silicon follows a distribution similar to zirconium, whereas
the faint traces of MnK, X-rays suggest that these are
mostly ascribed to radioactive *>Fe decay, and therefore
correlate with distributions of Fe and Ni.

EDS line profiles were obtained to quantify the spatial
distribution of the various elements and chemical com-
pounds comprising the fuel crud. A principal goal was to
obtain SEM-EDS line profiles of Fe, Ni, and Zr across
the flake, comparing elemental distributions of crud areas
in contact with the clad surface to those nearer the crud-

water interface. The depth distribution of Ni,FeBOs and
m-ZrQO, across the flake was of particular interest. A fur-
ther goal was to determine the variation of metal oxides
and morphology across the flake (clad-side to coolant-
side), and around the pores (chimneys).

The line-profiling EDS scans were performed with a
I-um electron beam in an automatic stepwise mode with
2-um steps. Examples of the radial profiles (in a direction
perpendicular to the surface of the flake) are shown in
Fig. 13. Note that the coolant side of the crud flake is on
the left and the clad side is on the right, and that the high
iron values at the very far right side of the profile represent
the stainless steel 304 micro-clip used to mount this sample.
The EDS count-rate profiles were ZAF-corrected and

Si

Mn

Fig. 12. Digital scanning electron microprobe elemental X-ray maps of Ni, Zr, Fe, Si and Mn in a small area of crud flake.
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weight-normalized values for Ni, Fe and Zr are presented
in each figure.

Note that the ZAF-corrected profiles of the various
elements are not truly proportional to their concentra-
tions in the sample. In particular, the concentration of
zirconium is grossly underestimated compared to con-
centrations of Fe, Ni, and Cr. However, the count-rate
data still provide good insight into the general features
of the elements’ distribution. In particular, Fig. 13 indi-
cates that the zone with Ni/Fe ~ 2 (Ni,FeBOs) extends
as much as 80 pm from the clad-side surface of the
flake. The Ni/Fe ratio increases to 6-8 (likely the result
of increasing NiO concentration) over the last 20 pm of
the crud flake nearest the coolant side. In profile 2 m-
ZrO, is not present in the first 30 um from the clad
side, then quickly rises to a value of about 40 wt%, fol-

Profile 1

80

Profile 2

Weight (%)

Profile 3

0 40 80 120
Position (pm)

Fig. 13. EDS line profiles of Ni, Fe and Zr in mounted crud flake
measured in a direction perpendicular to the flat surface of the flake and
represented as ZAF-corrected data in weight units normalized to unity.
The profiles were taken along lines 1 (top graph), 2 (middle graph) and 3
(bottom graph) depicted in Fig. 11. The right end of profile 1 extends to
the stainless 304 steel mounting clip.

lowed by a gradual decrease across the remainder of the
flake. The concentrations of Ni and Zr tend to vary
inversely to each other. The 30-40-pum-wide Ni,FeBOs-
rich and m-ZrO,-free zone is generally parallel to the
flat surface, but becomes narrower in the thinner parts
of the flake.

As discussed above, neither the direct EDS count
rates nor ZAF-corrected data properly reflect the rela-
tive and absolute concentrations of elements for these
porous and complex samples. While better than the
direct-count data, the ZAF-corrected EDS results still
do not properly reflect density variations along the pro-
files. The flakes contain several types of particles having
various shapes, sizes, and widely varying concentrations,
and regions across the flake exhibit broadly varying
porosity. Deriving the absolute density profiles from

80 r Profile I
- wri“%ﬁ-r-.
40} v
0 LAV oy 'f‘.

Weight (%)

0 1 1 1 L
i Profile IO
MHWMW
l M
0 L 1

1 1
0 40 80 120 160
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Fig. 14. EDS line profiles of N, Fe and Zr in mounted crud flake
measured in a direction parallel to the flat surface of the flake and
represented as ZAF-corrected data in weight units normalized to unity.
The profiles were taken across the nickel oxide-rich region at the coolant
side of the flake (top), across zirconium-rich central region of flake
(middle), and across bonaccordite-rich region adjacent to the cladding
(bottom); that is, respectively, along lines I, IT and III in Fig. 11.
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ZAF-corrected data for these porous and highly struc-
tured materials would demand the use of reference sam-
ples having morphologies and densities that are close to
those of the actual specimens. In the absence of suitable
reference samples, the EDS count-rate profile shown in
Fig. 13 was calibrated by normalizing to the density
of Ni, Fe, and Cr in the stainless steel 304 micro-clip
that was mounted and analyzed together with the crud
flake. The bulk concentrations of Fe, Cr, and Ni in
SS-304 are 70.2, 20.5, and 9.3 at.%, respectively,
whereas the ZAF-corrected EDS data of the micro-clip
shown in Fig. 11 (bottom) gave 77, 18, and 5 wt%,
respectively.

Fig. 14 compares three axial profiles, taken in three dif-
ferent directions parallel to the surface of the flake. As seen
in the figure, the profile taken along the outer coolant-side
part of the flake mostly indicates Ni consistent with a NiO-
rich distribution, whereas the profile taken along the
Ni,FeBOs-rich zone near the fuel cladding shows smooth
Ni and Fe signals in a proportion close to 2. In contrast
to these observations, the axial profile taken across the cen-
tral zone of the flake indicates the prominent counter-oscil-
lating character of Zr and Ni signals that reflects the
aggregation of zirconium oxide particles between boiling
chimneys, and possibly some excess of nickel (NiO plating)
over the bonaccordite composition in the chimneys.

1um

1um

Fig. 15. Transmission electron micrographs of needle-like particles recorded in a 300 kV transmission electron microscope.
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3.8. Transmission electron microscopy

Electron-transparent specimens suitable for transmis-
sion electron microscopy (TEM) study were prepared using
an extraction replica technique. The extracted needle-
shaped particles were supported on a thin carbon film on
a 100-um-sized copper grid. The needles, being <0.1 um
thick, were transparent to the 300 keV electron beam.
Fig. 15 presents examples of transmission electron micro-
graphs showing the distribution of needles extracted from
the crud samples.

X-ray spectra acquired from the needles showed the
presence of Ni, Fe and O. The intensity ratio of the NiK,,
to FeK, X-ray peaks was about 2, in accord with the for-
mula of Ni,FeBOs. A weak line was observed at about
0.2 keV that may be interpreted as the BK,, line. Detection
of minor quantities of boron in samples of Ni,FeBOs is dif-
ficult because the BK, X-rays are of low intensity com-
pared to other X-rays produced in the sample. For a thin
(<10 nm) TEM specimen containing two or more elements,
the intensity ratio of K, X-rays for those elements is given
by the proportions I;/1,/... = c1ZlcsZ>/. .., where ¢;, ¢,
... are the concentrations, and Z,, Z, ... are the atomic
number corrections for elements 1, 2, etc. According to
this approximation, the estimated intensity ratio of the
K, X-rays emitted from Ni,FeBOs should be roughly

Ni:Fe:O:B = 10:5:8:1. This is in fair agreement with the
observed intensity ratio of the K, lines in TEM-EDS
spectra.

The X-ray maps of needles obtained in the scanning
TEM mode are shown in Fig. 16. The maps clearly illus-
trate that Ni, Fe, and O are similarly distributed in the nee-
dles, consistent with the chemical formula Ni,FeBOs. As
explained above, the X-ray map did not show any boron
because of the very small signal-to-noise ratio in the region
of the BK,, line. This inherently poor detection of boron X-
rays could explain why this element has not been identified
in PWR fuel crud before now. However, it was demon-
strated above that boron can be detected directly in fuel
crud samples by means of scanning Auger microscopy
(SAM), because the Auger electron yields for light elements
such as boron are generally much higher (close to 1) than
the X-ray fluorescence yields. Convergent electron beam
diffraction (CEBD) patterns were examined using a conver-
gent electron beam 10-100 nm in diameter. The diffraction
patterns from various zones of the needles were analyzed
using stereographic projections, and were indexed consis-
tent with the orthorhombic crystal structure and the unit
cell parameters of Ni,FeBOs, ie. «=0.9213 nm,
b=1.2229 nm, and ¢=0.3001 nm [16]. In addition, the
c-axis was found to be parallel to the long axis of the nee-
dle, in agreement with the findings for ludwigite [14,15].

Fig. 16. Scanning TEM image of a small fragment of a sample and correlated elemental maps of oxygen, iron and nickel obtained by recording respective

K, X-rays.
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4. Discussion of results

The analyses of Callaway Cycle 9 fuel crud samples
reported in this work were intended primarily to determine
the chemical form and the oxidation state of iron-bearing
oxides. The crud flakes were found to contain predomi-
nantly nickel-iron oxyborate (Ni,FeBOs, bonaccordite),
roughly in the amount of 50 wt%, and monoclinic zirco-
nium oxide (m-ZrO,, badelleyite), in the amount of about
30 wt%. The nickel ferrite (NiFe,Oy, trevorite) and nickel
oxide (NiO) commonly observed earlier in PWR crud sam-
ples represented only small fractions (about 10 wt%) of the
deposits. Thus, these results present the first definitive
observation of Ni,FeBOs and m-ZrO, particles in PWR
fuel deposit samples; such novel types of fuel deposit com-
ponents have not been reported in the past.

Fuel crud deposits in PWRs have been commonly
known to consist largely of tenacious deposits of NiFe,Oy,
normally of more or less stoichiometric composition [29].
In particular, in an early SEM study of Ni-rich (Ni/Fe ratio
about 5) crud flakes from Callaway Cycle 9 spanning five
fuel rods, the deposits were identified as a mixture of
NiFe,0O4 and NiO microcrystals [11]. This behavior is illus-
trated by Westinghouse data compiled between 1973 and
1996 for 238 crud samples from low power to moderate-
and high-power PWR fuel rods in plants having Alloy
600 steam generators [11]. According to these data, the
Ni/Fe distribution frequency showed a Gaussian-shaped
peak at Ni/Fe ~ 0.5. Only in 26 cases was the Ni/Fe ratio
between 1 and 6; sixteen of these cases were for low-power
fuel rods and 10 for moderate- to high-power fuel rods.
Such sporadic occurrences of high Ni/Fe ratio were
ascribed to high NiO content in some of the samples.

Nickel oxide can be formed under an excess concentra-
tion of Ni at somewhat higher temperatures than iron
oxide, and in an oxidizing atmosphere. There have been
only a few cases of NiO being detected in crud. The large
amount of NiO detected in the present study suggests that
the concentration of Ni in Callaway reactor water is con-
siderably higher than one-half that of Fe, and higher than
the at-power solubility of NiO (about 0.2 ppb). Analyses of
primary coolant grab samples for 11 PWRs showed Call-
away to have in 1990-2000 period a very high nickel con-
centrations (11 ppb at BOC and 53 ppb at EOC), while
plants without AOA typically had Ni concentrations in
the range of 1-5 ppb [30]. Also, Callaway’s average EOC
values for *®Co in coolant samples were more than twice
those of other plants. The iron concentration in Callaway’s
coolant is also high (12 ppb at EOC and 17 ppb at BOC),
but no correlation was established between Fe concentra-
tions and the magnitude of AOA.

The Ni/Fe concentration ratio in fuel crud may be an
indicator of the conditions under which the PWR reactor
has operated. A ratio of Ni/Fe near 0.5, reflected by a
low EOC *8Co/%°Co activity ratio, has long been consid-
ered an indicator of predominantly nickel ferrite in PWR
fuel crud and of successful nickel ferrite control chemistry.

However, advances in robust fuel design and attainment of
high burn-up have increased shutdown nickel releases
markedly at many plants. Also, the fuel crud particles in
deposits from AOA plants occasionally show much higher
Ni/Fe and EOC *¥Co/®°Co ratios, suggesting increased
content of NiO or Ni metal in the crud. A high Ni/Fe ratio
was also related to high levels of **Co and *°Co in the reac-
tor water, both in PWRs and boiling water reactors
(BWRs), because at Ni/Fe>2, the nickel surplus is
believed to deposit on fuel rods as nickel oxide, NiO. The
presence of nickel oxide in the fuel crud raises **Co and
®Co in the reactor water, because NiO is more soluble
than NiF6204.

Our first evidence for Ni,FeBO5 came from Md&ssbauer
transmission spectroscopy of the 14.4 keV y-rays of >’Fe.
The Mossbauer technique determined that almost all iron
in the crud was in the ferric state, Fe*", partly in the form
of Ni,FeBOs, and partly Ni(Fe,Cr),04 at Cr/Fe ~ 0.1. The
weight percentage of iron in the form of Ni,FeBOs ranged
from 25% in the filter cake to as high as 75% in the crud
flakes. The corresponding molar ratio of iron as Ni,FeBOjs
and as NiFe,04 in the crud flakes was about 7. X-ray dif-
fraction showed a complex superposition of Ni,FeBOs, m-
Zr0,, NiFe,04 and NiO patterns. Synthetic samples of the
various fuel crud components were prepared and scanned
to quantify the XRD patterns of crud samples. The propor-
tions of the various phases were different for the cake and
flake samples. The sample #1 crud flake indicated about
50 wt%Ni,FeBOs, 30 wt% m-ZrO,, and 10-wt% amounts
of NiFe,O4 and NiO; the XRD of sample #2 filter cake
indicated about 40 wt % Ni,FeBOs and 30 wt % m-ZrO»,
in addition to 15-wt% amounts of NiFe,O4 and NiO.

High-resolution SEM images showed that acicular par-
ticles (needle-sized, about 10 pm by 0.1 pm) were densely
packed at the crud-clad interface, whereas fewer, slender
needles appeared at the flake-coolant interface. SEM-—
EDS indicated a Ni/Fe atomic ratio of about 2 in all areas
containing the needles, consistent with the formula for
Ni,FeBOs. SEM-EDS line-profiling analyses of mounted,
highly polished sections of selected flakes further quantified
these distributions and related them to the proposed for-
mation and deposition mechanisms. The depth profiles
revealed a 30- to 40-pm-wide zone of dense, zirconium-free
Ni,FeBOs on the cladding side of the flakes. NiO particles
tended to be on the crud/coolant face of the flake, whereas
aggregates of ~1-um-sized m-ZrO, particles precipitated in
the central region of the flake. The average atomic ratios of
Ni, Fe and B on the clad side of the flake and on the cool-
ant side of were close to the corresponding ratios in
Ni,FeBOs and NiO, respectively.

The quantification of '°B was performed to estimate the
role of boron in neutron flux depression. Quantitative [CP—
MS analysis determined the isotopic percentage of '°B in
the #1 fuel crud cake and flakes to be 11.5 4+ 0.3% and
10.2 4+ 0.2%, respectively. These values are much lower
than the natural abundance of this isotope (19.9%) and
the abundance of '°B in Callaway EOC coolant (about
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17%), indicating that '°B in the Ni,FeBOs needles has been
significantly depleted during the fuel cycle. A correspond-
ing amount of "Li had to be formed and released into the
crud matrix. Such a low percentage of '°B in the crud
means that the boron in it was exposed to the thermal neu-
tron flux for at least 40 effective full-power days (EFPDs).

5. Summary and remarks

To summarize, all our results lead to the conclusion that
the needle-like particles in fuel crud deposits examined in
this work are composed of Ni,FeBOs. Bonaccordite, along
with other members of the ludwigite family, is known to
form particles of acicular morphology (needles, fibers,
and rod-like structures). Minerals of the ludwigite type
are known to form readily under hydrothermal conditions,
at temperatures of about 500-600 °C. It has been shown in
separate paper [7] that Ni,FeBOs can be produced hydro-
thermally even at temperatures of 385-400 °C, and thus
not much higher than the range of temperatures at the sur-
face of fuel rods.

Accurate EDS line-profiling was found to be very useful
for understanding the mechanism of crud deposition and
its relationship to AOA effects. The features of Callaway
Cycle 9 crud morphology observed to date have suggested
specific chemical and thermal-hydraulic conditions that
favour crud deposition and re-formation during the fuel
cycle. In particular, the profiles suggest that the zone of
dense Ni,FeBOs near the surface of the fuel cladding could
have been formed by hydrothermal reactions of NiO and
NiFe,0, in the presence of H;BO3 and LiOH accumulating
in NiO-NiFe,Oy4 crud during the fuel cycle.

Zirconium oxide particles were found in the Callaway
Cycle 9 fuel crud samples in weight fractions as high as
30%, and were entirely in the form of monoclinic zirconia,
m-ZrO,. The question then arises regarding the source of
so much zirconia in the samples, and whether it indicates
any degradation of the fuel cladding. The small size and
globular structure of the m-ZrO, particles, the appearance
of their aggregates, as well as their depth distribution in
crud flakes, suggest that this material was re-precipitated
from hydrothermal solution, and not simply scraped
mechanically from the fuel surface. Such hydrothermal pre-
cipitates of ZrO, have been described in the literature on
ceramics [31,32]. It has also been postulated that the hydro-
thermal re-precipitation may occur at the surface of PWR
fuel at elevated pH [33,34].

The unexpectedly high fraction of m-ZrO, found in the
crud is suggested to originate from dissolution of the adja-
cent Zirlo cladding. This may be caused during boiling in
the presence of high concentrations of LIOH produced by
local boiling and '°B-n reactions, as suggested in Ref. [7].
A high surface pH may result in a higher chemical attack
of the cladding than is usually assumed. One can further
postulate that subsequent hydrothermal precipitation of
colloidal m-ZrO, occurs at some distance from the fuel
cladding surface because of the pH and temperature gradi-

ents established through the crud layer. A review of the
studies of precipitation of zirconia particles at hydrother-
mal conditions strongly supports this hypothesis. Besides
its importance as a measure of fuel clad corrosion, the pres-
ence of copious amounts of m-ZrO, in fuel crud may
impact AOA, if it is found that this material is an efficient
substrate for adsorbing boric acid from the PWR coolant.

Furthermore, our EDS depth profiles consistently
showed that much of the m-ZrO, was embedded inside
the crud flakes rather than attached to their surface. Such
a region in the centre of the crud layer likely results from
the re-precipitation of dissolved zirconium oxide along
temperature and alkalinity gradients formed across the
crud thickness. Thus, it is very likely that the aggregates
of small m-ZrO, particles found in the middle of the crud
layer are the result of dissolution of zirconium oxide on
the surface of Zirlo fuel cladding and the subsequent re-
precipitation from the alkaline medium at high tempera-
tures that exist in deposits formed on high-duty fuel rods
under AOA conditions. Presumably, at a distance of 30—
50 um from the clad—crud interface (where the bulk of
the m-ZrO, is found), conditions of pH and temperature
are such that zirconia precipitation is facilitated. Solubility
data of ZrO, for Tg,q will be needed to confirm this
hypothesis.

It can be expected that aqueous solutions entrained by
the crud layer may contain large quantities of un-dissoci-
ated H3BO; and dissociated LiOH. As it was suggested
elsewhere by this author [7], neutron capture reactions
19B(n,0)’Li in fuel crud layers may have a significant role
in affecting local microchemistry, through raising of the
local temperature, alkalinity, and concentration of oxidiz-
ing radiolytic species. These effects may create chemistry
conditions that exacerbate cladding corrosion and forma-
tion of Ni,FeBOs. The modeling of these effects is in
progress.

Finding Ni,FeBOs in PWR reactor crud was unex-
pected. This compound may have a significant and conse-
quential bearing on understanding the near-clad
chemistry of the fuel, and it may have an important role
in addressing PWR water chemistry and the AOA issue.
The presence of significant quantities of Ni,FeBOs in the
deposits constitutes another vehicle for boron retention in
fuel crud, in addition to the lithium metaborate (y-LiBO,)
hideout and boron chemisorption that are currently postu-
lated to be a root cause of AOA. The relevance of this com-
pound to AOA in high-duty reactor cores, compared to
alternative means of ‘fixing’ boron on the fuel cladding
such as lithium metaborate precipitation and boric acid
physi-sorption, remains to be determined. The abundant
layers of Ni,FeBOs observed in thick crud flakes, which
have especially low porosity near the crud-cladding inter-
face, may play a significant role in the onset of AOA, both
in the concentration of soluble species and in the retention
of boron on the fuel. The measurements presented in this
report showed also that the isotopic abundance of '°B in
the crud is considerably smaller than in natural boron
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(~10% vs. 20%, respectively). Therefore, the depletion of
198 and build-up of "Li through the '°B(n,o)Li reactions
must be accounted for in any model of crud microchemis-
try in AOA-affected cores. However, this process also
means that the boron in Ni,FeBO5 would have less impact
on AOA later in the cycle, as neutrons deplete the '°B.

Preparation of NiFeBOs in the laboratory by thermal
sintering and a hydrothermal method was successful, and
some good reference samples were obtained by both meth-
ods. Further work should focus on finding processes for
the hydrothermal formation for Ni,FeBOs under PWR pri-
mary coolant conditions. The effects of Ni, Fe, B and Li con-
centrations, as well as pH and temperature, on Ni,FeBOjs
formation should be further investigated. For example,
one needs to determine if Ni,FeBOs is stable under condi-
tions that exist at the cladding surface early in the fuel cycle.
Alternatively, does Ni,FeBOs only form by rearrangement
of previously deposited NiFe,O, in the presence of boric acid
and lithium hydroxide? Is boiling necessary for the forma-
tion of Ni,FeBOs? An understanding of these processes is
crucial for developing methods of AOA mitigation and fur-
ther refinement of the PWR chemistry guidelines.

6. Conclusions

Fuel deposit scrapes from span 6 of Callaway’s high-
AOA Cycle 9 were examined by means of a number of
physical and chemical techniques. The work has provided
new information about the solid-state characteristics of
these deposits, their morphology and topography, phase
composition and crystallographic nature, the oxidation
state of metallic species, radioisotope content, and the
degree of '°B depletion.

The deposits were shown to be composed of ~100-pum-
thick flakes having a complex internal structure. The flakes
contained a large amount (about 50 wt%) of needle-like par-
ticles of the insoluble Ni-Fe oxyborate Ni,FeBOs, known as
the mineral bonaccordite. The bonaccordite mat was nota-
bly denser in the 30-40 um-thick layers near the clad/crud
interface than in the rest of the flake. Monoclinic zirconium
oxide m-ZrO, was the second largest component. Nickel
oxide, NiO and nickel ferrite, NiFe,O4, comprised only a
minor constituent of the crud. Nickel oxide concentrated pri-
marily near the crud/coolant interface.

The results of this study suggest a potential direction for
the next phases of the work needed to further the under-
standing and resolution of the AOA issue. In particular,
formation of Ni,FeBO5 has been identified as a new mech-
anism for boron retention on PWR fuel. Ni,FeBOs may
contribute to AOA by retaining considerable amounts of
boron in the fuel crud deposits. Mass spectroscopy showed
that the '°B abundance in the bulk of the crud is depleted
from 20% to about 10-11%. It has been postulated that the
neutron capture reactions '°B(n,o)’Li in crud layers may
play a significant role in affecting near-clad microchemis-
try, through raising the local temperature, alkalinity, and
concentration of oxidizing radiolytic species. This informa-

tion may now be used to develop a better model for crud
deposition and boron retention, and to propose possible
mitigation techniques for AOA.

As a result of its different chemistry, the Callaway crud
was much more difficult to dissolve than conventional fer-
rite-based deposits. The chemistry of PWR shutdown may
therefore have to be re-examined for AOA-prone plants.
Reductive decomposition conditions of shutdown chemis-
try have been optimized for Ni-ferrite removal. Such a
strategy may not be effective for removing the Ni,FeBOs
and NiO rich deposits from AOA cores, since Ni,FeBOs
remains highly insoluble under these chemistry conditions.

The methodology of fuel crud sampling must be further
developed. The sampling method can be modified to collect
smaller amounts of scraped material, and the crud should
be retrieved quantitatively, without any contamination by
fuel pool water or other extraneous material. Also, partic-
ulate sampling for PWR reactor coolant should be intro-
duced widely as a routine tool for crud and activity
transport monitoring. Characteristics of crud from such
sampling should be compared with characteristics of the
fuel crud scrapes.

The phase diagram of the Ni-Fe-B-Li—H,O system must
be established for hydrothermal conditions, with a focus on
determining the conditions that are needed to stabilize
Ni,FeBOs. Elevation of the pH level, resulting both from
concentration due to under-deposit boiling and nuclear pro-
duction of "Li in crud pores, most likely plays a significant
role in the formation of Ni,FeBOs. Further studies of crud
samples and synthetic compounds may also give insight into
the electrochemical potential, effective pH, effects of radiol-
ysis and boiling, and hydrothermal conditions at the fuel sur-
face during crud deposition. However, projecting the
laboratory results to the reactor environment will require
an evaluation of the effect of radiation fields (gamma and
neutron) on the chemistry of Ni,FeBO5 formation.

Zirconium oxide occurs as clusters of rounded, 100- to
300-nm particles of m-ZrO,; it is found mostly between
wick-boiling chimneys at about 20-50% of the crud depth
from the clad surface. The morphology of ZrO, particles
in fuel crud, as well as their size, depth distribution, and
proportion between monoclinic and tetragonal phases,
can be useful markers of hydrothermal and chemical con-
ditions that favor the formation of these phases. Much
remains to be learned in this regard through studies of
transformations of ZrQO, in pressurized high-temperature
aqueous solutions. The results will be useful in developing
models for corrosion product and boron deposition on
high-duty fuel, as well as suggesting alternate shutdown
chemistries that may be more effective for removing the
highly insoluble fuel deposits in high-duty PWRs.
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