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Abstract

During the period 1995 to 2001 a programme of loop irradiation tests have been performed to confirm the
effectiveness of zinc additions on PWR circuit chemistry and corrosion. The programme included two loop
irradiation experiments, and subsequent PIE; the experiments were a baseline test (no added zinc) and a test
with added zinc (10 ppb). This paper addresses the findings regarding corrosion product deposition and
activation on irradiated Zircaloy-4 surfaces. The findings are relevant to overall corrosion of the reactor primary
circuit, the use of zinc as a corrosion inhibitor, and activation and transport of corrosion products. The irradiation
experience provides information on the equilibration of the loop chemistry, with deliberate injection of zinc. The
PIE used novel and innovative techniques (described below) to obtain samples of the oxide from the irradiated
Zircaloy. The results of the PIE, under normal chemistry and zinc chemistry, indicate the effect of zinc on the
deposition and activation of corrosion products on Zircaloy. It was found that corrosion product deposition on
Zircaloy is enhanced by the addition of zinc (but corrosion product deposition on other materials was reduced in
the presence of zinc). Chemical analysis and radioisotope gamma counting results are presented, to interpret
the findings. A computer model has also been used to simulate the corrosion product deposition and activation,
to assist in the interpretation of the results.

Introduction

An experimental programme has been performed to confirm the effects of zinc addition to PWR coolant, in
terms of corrosion performance of the primary circuit materials. This work was performed on behalf of NUPEC,
with technical collaboration with Mitsubishi Heavy Industries, and is part of a larger Japanese national
programme of research in to the effects of Zinc addition [1 2 The project was managed by AEA Technology
pic (also responsible for design, procurement, PIE and result interpretation), whilst commissioning, irradiation,
on-line chemistry and hot-cell work were performed at the LVR-1 5 reactor, at NRI, Rez. The project studied the
effects of zinc on all major primary circuit materials (nconel, stainless steel, Zircaloy). This paper describes
specifically the PIE results for Zircaloy surfaces, with and without zinc. This topic is important, as corrosion
product deposition on the fuel is of key relevance to the performance of the fuel (heat exchange, and possibly
axial offset anomaly development). The experimental details and results of the work are now described.

Experimental
(a) Irradiation Operations
The experimental equipment comprised an in-pile loop made of Inconel, stainless steel and Zircaloy. The
amounts of these materials were designed so that the wetted surface areas were (as far as reasonably
practicable) in proportion to the wetted surface areas in MHI plant. The loop had an internal diameter of 10 mm,
this corresponding reasonably with the effective flow channel diameter for a single channel through the fuel
element. The fluid velocity was arranged to be comparable to the fluid velocity in the PWR primary circuit,
having a Reynolds number of >3xl 05 . Exact values were determined from detailed design constrained by the
dimensions of the in-pile channel. As far as could be achieved, the loop primary circuit replicated the conditions
of an operational PWR. The loop also featured a secondary coolant circuit, for heat removal, so that surface
temperature gradients (in the primary circuit) were as accurate as possible.
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Two experiments were performed, one with normal chemistry (nominal zero zinc) and one with added zinc, at
10 ppb. In reality, the baseline level of zinc was about ppb. Each experimental loop was pre-oxidised before
irradiation, for >500 hours (Inconel and stainless. as individual parts) and a further >500 hrs after final assembly,
including the Zircaloy surfaces. The total pre-treatment times were 1000 hours (normal chemistry) and 1500
hours (with zinc). The latter experiment took a longer time to pre-treat, because at each stage the zinc chemistry
was equilibrated (make-up and let-down both having 10 ppb) and this took a longer time with the fully
assembled loop.

Irradiation was targeted as a minimum of 2000 hours. This was achieved for the normal chemistry loop, but the
zinc chemistry loop failed (due to a leak in the secondary circuit) after approximately 1800 hours. Therefore
experimental results have to be adjusted for comparisons to be made between the loops. The correction
methods are described in detail below.

(b) PIE and Analysis
PIE was carried out on all materials. After a suitable cooling period, samples of Zircaloy and stainless steel were
cut from the loop in the hot-cells at NRI Rez. Inconel samples were not directly activated and could be cut in a
controlled-area workshop.

The Zircaloy samples were retrieved by sawing through the in-pile capsule around the core mid-height position.
Sample configuration is shown schematically in Figure 1. This provided tube samples of 150 mm length, with
their centres aligned with the core centre line (i.e. peak neutron flux). These were identified as samples A - D
corresponding to increasing water temperature with flow through the core. Additional samples (E, F) were taken
from the hot leg just above the transition from 4 to 2 tubes (radial perspective) as this reduction in heat removal
was expected to cause a discontinuity (and a peak) in the wall temperature. This is illustrated in Figure 2 The
values of the peak temperatures are calculated from radial heat loss only, and do not include axial heat loss,
therefore the values have some uncertainty. For this reason two small samples were cut from this region (rather
than a single larger sample), with an increased chance that one of them would capture the peak temperature
region.

In order to examine the surface oxide, the Zircaloy sections cut from both the experimental loops were descaled
using aqua regia. This was performed in the hot cells at NRI Rez, using specially designed equipment for
sample holding and manipulation. The key features of the descaling jig are that it allows the cut sections of the
in-pile capsule to be securely clamped and the Zircaloy tubes to be carefully aligned with the connectors to the
flow lines containing Aqua Regia. All the fittings and pipework are made of PTFE (except only the pipework
within the peristaltic pump, which must be made of silicone to be sufficiently flexible). The connections to the
Zircaloy tubes can be tightened to give a water-tight seal against the leakage of Aqua Regia.

Before any descaling work was done, extensive tests were carried out in the laboratory and the hot cell to
confirm that the intended manipulations could be carried out. These confirmed that the pipework could be pre-
treated to give contamination levels below the level of detection, and that the chemical reagents contained no
detectable impurities, specifically of zinc or cobalt. In the hot-cell, tests confirmed that the equipment could be
remotely operated to give leak-free connections between the sample and attached pipework.

The first step in sample treatment was the washing of the internal surface to remove any cutting swarf or loose
crud, using pure water. In this step, the pump speed was set at maximum to give a high flow rate through the
sample, direction of flow was downwards, and the reservoir was a large volume, to allow settling of solids. The
experimental arrangement is shown schematically in Figure 3 Mock-up tests using non-active simulants had
shown that clean surfaces could be obtained by this procedure.

The descaling of the Zircaloy tube samples with Aqua Regia was carried out by washing each tube six times,
with clean Aqua Regia, and finally washed with water. Washing consisted of recirculating Aqua Regia through
the tube sample, flow direction upwards, with a low flow rate. the experimental arrangement is shown
schematically in Figure 4 Each Aqua Regia wash lasted one hour and produced a sample solution of volume
200 cc. The final water wash was for 10 minutes, and again produced 200 cc of solution. The acid and aqueous
solutions were recovered from the hot cell and subsequently processed further.

In the hot cell, each of the main Zircaloy samples (A-D, 150 mm length) was leached in turn, using the special
equipment (Figure 3 to rotate the cut section so that each tube, in turn, was aligned with the connecting
pipework. After each sample had been leached, fresh PTFE ferrules were inserted in the connection
assemblies, and considerable care was taken to ensure correct centring alignment of the next tube with the
connections, before tightening the connections. The short samples (E, F, 25 mm) were leached last, as each of
those required a special adjustment of the sample holder.
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Analysis of the solutions was carried out by AEA Technology, at Winfrith Technology Centre. Shipment of Aqua
Regia is not permitted by international air transport regulations, so the solutions had to be evaporated to give a
dry sample. Following the aqua regia leaching, each sample solution was divided in to a main part 75%) for
evaporation, and a minor part 25%) as a retention sample to be kept at NRI Rez in the liquid form. This was as
a precaution in case of any accident to the main sample during the drying or shipment process. The main part of
the sample was then evaporated to dryness in a clean room. The aqua regia solution was dried in its original
bottle, from the hot-cell, and infra-red light was used to evaporate the solution at well below the boiling point (so
avoiding sample loss by boiling or splashing). These bottles were made of silica glass and had a wide mouth
(aiding evaporation) and a screw-lid with a PTFE internal sealing disc. For the sixth sample in each set, the final
wash water was evaporated to a small volume, and added to the aqua Regia, in its glass bottle, for the final
evaporation step to dryness.

Subsequently, as a confirmatory check on the drying procedure (i.e. that no sample was lost), small amounts of
the retained liquid sample at NRI Rez were also sent to Winfrith. In this case, the samples were diluted in high-
purity water and shipped as liquids, having a small volume and an acid concentration within the limits set by
transport regulations. These samples contained insufficient material for reliable chemical analysis, but gamma
counting could be carried out and compared with the gamma counting results for the dried samples.

The dried oxide solids were re-dissolved using a small volume of aqua regia, then diluted to a standard volume
using water. The samples were gamma counted and then chemically analysed using CP-MS. The subsequent
dilute liquid re-samples were only gamma-counted.

Independent of the aqua regia solutions, the wash water (which had been applied to the tube samples before
leaching) was also processed. This contained cutting swarf and loose oxide. Earlier tests had confirmed that the
cutting swarf from the band-saw arrangement had particle sizes greater than 20 microns. Therefore, the wash
water could be filtered through a guard filter (stainless steel mesh) of 20 micron aperture, to remove the cutting
swarf, and then through a Millipore filter 0.2 microns) to retain the loose oxide. Subsequently, the filters were
shipped to Harwell where they were gamma counted, then Winfrith where they were examined, dissolved and
chemically analysed.

Analysis Results
(a) Loose Crud Removed from the Zircaloy
The loose solids (removed by water wash before acid treatment) were examined and analysed: these were
obtained as deposits on 02 Fim Millipore filter discs. The filters from the "baseline" loop clearly had very little
oxide crud (nothing observable on the disc) and were not useful for further examination of particulate
morphology. The filters from the `0 ppb" loop samples contained a little oxide crud, visible as a slight stain on
the filters, which was then examined more thoroughly. Of the filter samples from the 10 ppb" loop, the sample
from. tube A was chosen for this work as it appeared to have the most deposit. SEM images were made
showing the overall range of particles and their shape. Specific particles were identified as rich in Fe, Si, or Zr,
and these were sized and analysed by EDS. The results are shown in Table .

TABLE 
Particle Diameter of Elemental Composition (no alised wt%
Number Particle Si Cr Fe Ni Zr

GIM)
1 1 0 4.4 0.9 3.8 0.9 90.0
2 6 11.8 12.3 75.1 0.8 <0. 1
3 20 2.2 6.4 91.1 1 0.3 <0. 1
4 1 8 99.5 0.3 0.2 <0. 1 <0. 1
5 4 4.5 11.3 83.8 0.4 <0. 1

Sample overall 76.1 <0. 1 23.9 <0. 1 <0. 1
Background trace <1.0 <0. 1 <0. 1 <0. 1 <0. 1

filter

From the overall analysis, it is seen that Si and Fe are the important elements and Zr is negligible, therefore
particle no. is probably anomalous.

The particles on the filter were also sized using Particle Recognition and Characterisation software (PRC). This
examined 1456 randomly selected particles from the filter surface. The results of the size distribution are shown
in Table 2.
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The PRC sizing results are positive confirmation that the stainless steel mesh pre-filter, which was used to
guard the Millipore filter from cutting swarf particles of larger than 20 micron, had performed effectively.
However, the particles selected for EDS analysis (by definition, these have to be the larger particles) did include
particles up to 20 micron. It is to be expected that the cutting swarf would be largely excluded from these
observations, because of the mesh pre-filter. However, there is a low probability that some small swarf particles,
or steel particles spalled from the band-saw, may have got through and have been included in this analysis. For
that reason, particles rich in (for example) lead or aluminium would be suspect. That there are none, is
supportive evidence that swarf has been effectively excluded.

TABLE 2
Range of Average Number of Number % Range of Average Number of Number %
diameter diameter particles diameter diameter particles

(PM) (PM) (PM) (PM)
0.20 - 025 0.2 1 0.10 2.06 - 215 2.1 5 0.30
0.26 - 035 0.3 35 2.40 2.16 - 225 2.2 5 0.30
0.36 - 045 0.4 205 14.10 2.26 - 235 2.3 9 0.60
0.46 - .55 0.5 285 19.60 2.36 - 245 2.4 4 0.30
0.56 - 065 0.6 269 18.50 2.46 - 255 2.5 5 0.30
0.66 - 0.75 0.7 155 10.60 2.56 - 265 2.6 2 0.10
0.76 - .85 0.8 130 8.90 2.66 - 275 2.7 0 0.00
0.86 - 0.95 0.9 95 6.50 2.76 - 2. 85 2.8 3 0.20
0.96 - .05 1.0 57 3.90 2.86 - 2.95 2.9 0 0.00
1.06 - .15 1.1 40 2.70 2.96 - 3.05 3.0 2 0.10
1.16 - 125 1.2 26 1.80 3.06 - 4.00 3.5 7 0.50
1.26 - 135 1 1.3 14 1.00 4.01 - .00 4.5 7 0.50
1.36 - 145 1.4 20 1.40 5.01 - 6.00 5.5 4 0.30
1.46 - .55 1.5 9 0.60 6.01 - 7.00 6.5 2 0.10
1.56 - 165 1.6 17 1.20 7.01 - .00 7.5 1 0.10
1.66 - 175 1.7 1 0 0.70 8.01 - 9.00 8.5 2 0.10
1.76 - .85 1.8 17 1.20 9.01 10.00 9.5 0 0.00
1.86 - 195 1.9 5 0.30 10.01 - 20.0 15.0 1 0.10
1.96 - 2.05 2.0 7 0.50 1 1 1

The expected oxide composition would include zirconium oxide and any deposited particulate from the
recirculating flow of the loop. This might well include Fe or Ni based oxide particles. The finding of Fe and Zr
based particles is therefore entirely consistent with the expected behaviour of the loop. The finding of Si-based
deposits is less predictable, but is consistent with fuel crud deposits found on normal PWR fuel elements 3].

SEM images of the particles indicated that they did not resemble regular oxide crystals. The particles may be
metallic with an outer oxide. This appears to be the case for Zr and Fe based particles; the Fe based particle
has been imaged at a high magnification 6000x) where even the smallest oxide crystals should be visible. The
absence of regular crystal structure may be a genuine feature of materials deposited in this location in the loop.

Following particle characterisation, the filter discs were dissolved (fused with potassium persulphate, then
dissolved in H2SO4). The resulting solutions were gamma-counted and then analysed. The analysis results,
normalised per unit surface area, are compared with those from the 'I 0 ppb" loop in Table 3.
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TABLE 3
Solids material removed during

Water wash pcm')
Loop Sample T Co Cr Fe Mn Ni Zn SUM Area
(ppb Tube ('C) (CM2

Zn) I.D. Wall
* A 306 1.70E-03 1.51E-01 2.02E+00 2.55E+00 2.76E-01 1.27E-02 5.011 47.1
* B 312 1.91E-03 2.34E-01 1.49E+00 1.70E+00 1.53E-01 1.49E-02 3.594 47.1
* C 31 1.49E-03 9.13E-02 1.74E+00 2.04E+00 9.98E-02 1.27E-02 3.985 47.1
* D 322 1.91 E-03 1.02E-01 1.36E+00 1.46E+00 8.49E-02 1.70E-02 3.026 47.1
* E (325) 1.15E-02 3.85E-01 6.03E+00 6.03E+00 3.85E-01 7.69E-02 12.918 7.8
* F (325) 1.27E-02 3.16E-01 5.70E+00 5.57E+00 5.06E-01 6.33E-02 12.168 7.9

Average 5.20E-03 2.13E-01 3.22E+00 3.05E+00 2.51 E-01 3.29E-02

1 0 A 306 4.25E-04 2.55E-01 2.34E-01 <LOD 2.55E-02 4.25E-03 0.519 47.1
1 0 B 311 <LOD 1.25E-01 1.13E-01 <LOD 1.70E-02 <LOD 0.255 47.1
10 C 316 1.70E-04 1.70E-01 2.10E-01 <LOD 2.34E-0211.70E-02 0.421 47.1 1
10 D 320 2.12E-04 1.27E-01 8.92E-02 <LOD 1.06E-02 8.28E-02 0.310 47.1
10 E _ (323) 1.03E-03 1.54E+00 1.41E+00 1.03E-02 8.97E-02 5.38E-01 3.589 7.8
10 F J�L31 2.53E-03 1.25E+00 4.43E-01 <LOD 7.59E-02 2.53E-02 1.797 7.9L_ Average 8.73E-04 5.78E-01 4.16E-01 11.03E-02 I4.04E-02 1.34E-01 I

The gamma counting results have been used to derive specific activities for a number of key isotopes, these
results are presented in Table 4 Note that some of the shorter - lived isotopes (Cr-51, Fe-59) had decayed so
that their gamma activities were <Limit of Detection,

TABLE 4
Specific Activity of solids material removed during

water wash (Bq/ng)
Loop Sample T CO-58 Co-60 cr-51 Fe-59 Mn-54 Zn-65
(ppb Tube CC)

_Zjn_ I.D. water
* A 292 1 7.33 31.25 <8.2E3 <0.5 0.018 0.58
* B 297 8.67 21.11 <6.5E3 <0.8 0.021 0.13
* C 302 7.60 21.43 <1.2E4 <0.7 <0.0003 0.12
* D 307 5.48 38.89 <9.4E3 <0.9 0.0064 5.62
* E 310 6.33 12.22 <7.3E3 <0.8 0.034 <0.05
* F 310 3.08 5.30 <6.8E3 <0.8 <0.0003 0.06

Average A-D 7.27 28.17 <9.OE3 <0.72 0.011 1 Al

Average E-F 470 8.76 <7.OE3 <0.8 0�0117 0.042
1 0 A 293 20.9 170 61.5 1.86 0.30 5.50
1 0 B 297 15.0 305 52.7 0.91 0.092 17.0
1 0 C 302 8.05 275 <88.7 <1.11 <0.006 0.92
1 0 D 306 35.8 160 <100 1.62 0.38 0.43
1 0 E 309 1.42 25 <10 <0.13 0.015 0.04
1 0 F 309 6.17 1 9 <16 <0.57 <0.004 2.65

Average A-D 19.9 227 52.1 1.24 0.19 5.96

Average I E-F 3.8 22 <13 <0.35 0.008 1.34

(b) Oxide Removed from the Zircaloy Tube Samples
The gamma counting results for the dried (concentrated) samples and from the liquid (diluted) samples
indicated that there was a reasonably good agreement between the two sets of measurements, considering
there was a 12 month time interval between measurements. All results are decay-corrected to the time of the
end of the irradiation. During this time interval some of the shorter - lived isotopes had decayed to below limit of
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detection. Table presents the ratios of the measurements, which should ideally be 1.0; these are averages of
the results for the six leachate solutions from each sample tube. The smaller samples (E and F) are not included
as their results were frequently <LOD. This was due to two main reasons (a) these samples were physically
smaller, so there was not as much activity originally present as in the samples A - D and (b) the liquid samples
had the longest decay times and many results in that set were <LOD. It can be seen from Table that the
average results were grouped around 1.0, with some spread of experimental variation. Had there been some
significant loss of sample through the drying and shipping process, then the activity ratio for liquid/dried samples
would be significantly greater than 1.0. Values less than 1.0 indicate the spread of experimental variation. There
is only one case where a high ratio is evident, the 10 ppb loop sample A; that is due mainly to a high zinc
activity ratio, and that in turn due to only one sample solution (leachate No. 4 Accordingly that one sample
should be treated circumspectly, as discussed below. Overall, the outcome of this comparison is to verify that
the process of drying, shipping, and re-dissolving the aqua regia solutions had not resulted in any significant
loss of sample,

TABLE 
Ratio of gamma activity results for Zircaloy leachate solutions.

Aver ges of Liquid sample activi I Dried mple ac ivity
Loop Sample Co-58 Co-60 Cr-61 Fe-59 Mn-54 Zn-65 Average
(ppb Tube
Zn) I.D.
* A 0.81 0.91 <LOD <LOD 0.96 0.85 0.88
* B 0.86 1.00 <LOD <LOD 0.92 1.16 0.98
* C 1.03 1.11 <LOD <LOD 1.31 1.01 1.11
* D 0.98 0.94 <LOD <LOD 1.00 1.16 1.02
10 A 1.13 0.95 <LOD <LOD 1.24 1.91 1.31
10 6 0.98 1.03 <LOD <LOD 1.10 0.93 1.01
10 C 0.97 0.92 <LOD <LOD 1.00 1.17 1.02
10 D 0.83 1 0.85 LOD <LOD 1 0.89 1 0.85 0.86

The analysis of the solutions obtained from the dried samples, by ICP-MS, indicated that there had been a
significant amount of zirconium dissolved by the aqua regia. This could be due to either (1) exposed Zircaloy at
the cut faces of the sample tube ends being dissolved or 2) base metal dissolution (BMD) as acid contacted the
Zircaloy through cracks or faults in the oxide film. In the design of the sample mounting jig particular care had
been taken to minimise exposed Zircaloy at the tube face ends, with the seal being inside the bore of the tube.
The jig used soft hemispherical PTFE fittings to seal against the cut faces and protrude inside the oxidised
region of the samples. Nevertheless, there was clear evidence of base metal dissolution, which had to be
corrected for in assessment of the results.

From the known composition of Zircaloy-4, and assuming that all the measured Zirconium came from base
metal (as the oxide is inert to Aqua Regia), corrections were also made for Sn, Fe and Cr originating in the base
metal. After these corrections, the amounts of metal remaining were assigned to dissolution of the corrosion
products deposited on the zirconium oxide. As a general principle, it was expected that the greatest amount of
dissolved corrosion product would be found in the first acid wash, subsequently decreasing until effectively none
remained, in the final wash: the expected pattern was generally observed.

Correction for the shortfall in irradiation time has been investigated by both empirical and mechanistic
techniques. The actual irradiation time of the 10 ppb" loop was about 1800 hours, compared with about 2050
hours for the "baseline" loop (the 2000 hours minimum specification was slightly exceeded). The difference thus
represents an increase of 14% compared with the 1800 hours achieved, and empirically (on a linear
extrapolation) the amount of deposited corrosion product could be adjusted by this amount to compensate for
the shortfall. The mechanistic approach to correction for the timescale has utilised computer modelling of the
corrosion product deposition and activation. This has been progressed using two models, DISER (developed by
NRI Rez 4]) and ACTRAN (developed by AEA Technology [5]). These have both indicated that the activation of
the corrosion product should be increased above the linear extrapolation, on average by 20% (DISER) and by
25% (ACTRAN). Therefore, an average correction of 22.5% has been used. This is understood to be a
combination of the additional amount of deposited oxide (say 14%) and the additional activation of the oxide
deposited at 1800 hours (again say 14%), plus further activation of the additionally deposited oxide, and minus
the oxide released from the surface. However, the amount of loose particulate is approximately constant, as it is
detached and removed in equilibrium with precipitation and deposition processes.
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TABLE 6
Deposited oxide material removed during

aqua regia leaching (pg/cm 2)

Loop Sample T Co Cr Fe Mn Ni Zn Area
(ppb Tube ('C) (cm

I.D. wall
* A 306 1 0.023 0.15 6.27 b.097 1.97 0.275 47.1
* B 312 0.016 0.13 5.87 0.067 1.22 0.025 47.1
* C 317 0.021 0.08 4.03 0.029 0.68 0.011 47.1
* D 322 0.012 0.34 9.54 0.054 1.63 <LOD 47.1
* E JqL51 0.020 0.03 6.53 0.015 7.62 0.033 7.8
* F (325) 0.003 0.27 6.59 0.010 3.42 0.163 7.9

Average 0.016 0.17 6.47 0.045 2.75 0.086

10 A 306 0.114 1.49 9.51 0.171 4.45 2.77 47.1
10 B 311 0.114 2.06 14.01 0.160 2.37 0.86 47.1
10 C 316 0.171 9.10 22.65 0.980 6.86 2.57 47.1
10 D 320 1 0.171 2.52 18.38 1.642 3.17 3.83 47.1
10 E (323) 0.502 8.47 29.55 1.015 5.35 2.93 7.8
10 F (323) 0.194 4.65 8.30 0.570 1.95 1.19 7.9

Average 0.211 4.72 17.07 0.756 4.02 1 2.36

The mass results for the 1 0 ppb zinc loop have been corrected, upwards, by 14%.

The total amount of metal from the oxide, after BIVID correction, was combined with the oxide from the water
wash, to give the total amount of oxide originally present on the Zircaloy surface. The results are presented in
Table 7 The trends in CP deposition, as a function of temperature, are presented in Figure 3.

TABLE 7
Grand Total corrosion product deposited on Zircaloy

(Pg/cm2)

Loop Sample T Co Cr Fe Mn Ni Zn SUM
(ppb Tube ('C)
Zn) I.D. wall
<1 A 306 0.025 0.303 8.379 2.648 2.272 0.291 15.92
<1 B 312 0.018 0.326 7.439 1.768 1.386 0.041 10.98
<1 C 317 0.023 0.176 5.826 1 2.070 0.793 0.024 8.91
<1 D 322 0.014 0.444 11.025 1.515 1.733 0.017 14.75
<1 E (325) 0.032 0.411 12.693 6.045 8.157 0.110 27.45
<1 F (325) 0.015 0.591 12.333 5.580 3.950 0.228 22.70

Average 0.021 0.375 9.616 3.271 3.049 0.118
1

10 A 306 0.107 1.584 8.690 0.152 3.975 2.473 16.98
10 B 311 0.104 1.963 12.574 0.141 2.124 0.763 17.67
10 C 316 0.150 8.257 20.348 0.876 6.123 2.295 38.05
10 D 320 0.151 2.365 16.429 1.465 2.828 3.493 26.73
10 E (323) 0.454 9.122 27.846 0.917 4.878 3.156 46.37
10 F 0.178 5.364 7.775 0.504 1.797 1.068 16.69

1Average 0.191 4.776 1 15.610 0.676 3.621 2.208

The totals of the sums, for each experiment, are 98.71 for the baseline experiment, and 162.49 for the "l 0 ppb"
loop.

Each of the sample solutions was gamma counted; the results for the 10 ppb" loop were increased by 22.5 in
accordance with modelling results, to give a direct comparison with the results for the baseline loop. The
gamma activity results were then used to calculate the specific activity for each of the key isotopes in the oxide.
It should be noted that for the baseline loop, particularly, the shorter-lived isotopes (Cr-51 and Fe-59) had
decayed significantly before measurement and therefore many activity results for these isotopes were below
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Limit of Detection. Also, the activity results for the smaller samples (E and F) were frequently <LOD simply
because of the smaller amount of sample material. The specific activity results are presented in Table 8, and as
a function of temperature in Figure 4.
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TABLE 
Specific Activity of deposited oxide material remove

during qua regi leaching (Bq/ng)
Loop Sample T Co-58 Co-60 Cr_51 Fe-59 Mn-54 Zn-65
(ppb Tube ('C)

_ZnL I.D. water I
* A 292 0.50 8.19 <LOD <LOD 0.73 0.11
* B 297 1.29 7.77 <LOD <LOD 0.12 2.07
* C 302 2.56 1.79 <LOD <LOD 0.44 0.72
* D 307 0.03 1.65 <LOD <LOD 2.22 <LOD
* E 310 <LOD 1.39 <LOD <LOD <LOD <LOD
* F 310 <LOD 7.70 <LOD <LOD 5.76 <LOD

Average A-D 1.10 4.85 <LOD <LOD 0.88 0.96

Average E-F <LOD 4.54 <LOD <LOD 5.76 <LOD
1 0 A 293 0.25 5.78 <LOD 0.10 0.70 1.64
10 B 297 0.19 2.19 <LOD 0.06 0.43 1.33
10 C 302 0.14 1.92 <LOD 0.04 0.11 0.88
1 0 D 306 0.47 6.08 2.00 0.08 0.12 1.19
1 0 E 309 <LOD 0.16 <LOD <LOD 0.03 0.12
1 0 F 309 0.84 1.31 <LOD <LOD 0.33 0.59

Average A-D 0.26 3.99 0.50 0.07 0.34 1.26

Average I E-F 0.42 0.74 <LOD <LOD 0. 8 0.35

The results for the 1 0 ppb zinc loop have been corrected upwards, activity by 22.5% and mass by 14%.

The amount of Zirconium measured in the BMD correction was compared with the measured activity of Zr-95 in
order to obtain a specific activity. This was compared across all samples and in the context of the expected
activation of zirconium, from the neutron flux, to confirm the consistency and reasonableness of the measured
values. The "infinite value" for zirconium activation, ignoring interruptions to the irradiation and decay during the
irradiation period, was 3.38E6 Bq/mg-Zr; however a more systematic calculation indicated that for the actual
irradiations, the specific activity of zirconium should have been 1.77E6 for the "normal" chemistry loop, and
1.7OE6 for the "10 ppb" zinc loop. When corrected for the shortfall in irradiation time, the "10 ppb" loop -if
irradiated for the intended time - should have produced a specific activity of 1.93E6 Bq/mg-Zr. The actual
measurements for each sample indicated an average of 3.7E5 Bq/mg-Zr (after correcting irradiation times),
however the measurements were complicated by a number of features. The major complication was that there
was a considerable amount of zirconium in solution after leaching, from a combination of base metal dissolution
(acid getting through the cracks and pores in the oxide) and exposed metal from the cutting process. When the
acid was evaporated, and re-dissolved, the overall effect was to concentrate the solution, which was desirable
to increase detection confidence for trace metals, but resulted in near-saturation in zirconium. Therefore, a slow
precipitation of rO2 took place over the following weeks. This influenced the measurements of elemental Zr
significantly, as the solutions were first gamma-counted (taking a number of weeks, as each sample was
counted for about 12 hours), then analysed by ICP-MS. An estimated correction has been applied to the mass
results to compensate for the loss of material in this way. After this correction the specific activities from the two
loops are broadly in agreement, i.e. show consistency for the Specific Activity obtained from both loops (see
Figure Z). However, the discrepancy between measurement and the systematic calculation suggests that some
precipitation may have taken place even before the gamma counting, making result interpretation extremely
difficult. The best that can be concluded is that the results show consistency in activation (and thereby
irradiation history neutron flux) for the two loops. However, because precipitation of the rO2 was a very slow
process, it is most unlikely to have co-precipitated any other species, therefore the lCP-MS results for other
species are considered reliable.
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Discussion

The deposition of oxide along a Zircaloy tube with a thermal gradient would ideally be expected to show some
correlation with oxide solubility as a function of temperature, possibly modified by deposition kinetics which may
control the diffusion of suspended particles to the wall. However, the experiments have been perturbed from the
ideal, by repeated thermal cycling (a more realistic situation) following reactor power through a number of
cycles. During shut-downs and re-starts there were inevitably large releases of oxide from all parts of the loop,
as the water temperature went through the range ambient to 300 'C. The modelling results (from DISER and
ACTRAN) indicated idealised surface oxide activities that were significantly above those values measured by
experiment (by a few orders of magnitude, variable depending on isotope). Therefore there is a lack of direct
correlation with theory, which is understood in practical terms. Consequently, interpretation must be empirical on
the basis of the results as they stand.

There are some clear trends, which can be seen from the experimental results. These are discussed in turn.

Loose crud particles.
In both loops the trend was for the total loose crud to be greatest in samples A and E/F, and consistently the
higher values were for samples E/F. Sample A had the lowest temperature, and E/F the highest temperature.
There was significantly less loose crud with added zinc, than in the baseline case (about a factor of six).
generally, the composition of the One of the deposits with added zinc has been examined in detail, and shows
that the composition of the particles is consistent with expectation and shows agreement with what is commonly
found in PWR fuel crud 3]. The crystal morphology is poor, which may be a genuine function of the chemistry
and environment at that location. However, small swarf particles cannot be ruled out, so these observations
should be treated with caution.

The gamma-counting results indicate that there is reasonable internal consistency for the measurements, in that
for each isotope, most results are of a similar magnitude. For the cobalt results, there is a trend that the specific
activities for the main samples (A to D in the peak neutron flux show a higher specific activity than the results
for samples E and F, not in the highest neutron flux. For the cobalt results, the relatively high specific activity of
Co-60 dominates over the specific activity of Co-58. The main effect of adding zinc is clearly a much increased
specific activity for cobalt (both-58 and 60) in the Zircaloy region. (Although deposition of active cobalt in other
regions of the loop was much reduced

Deposited oxide.
The amount of oxide that was fixed on the Zircaloy surface, and removed by acid leaching, was greater in the
experiment with added zinc, by a factor of about three. The composition of the oxide was dominated by Fe in
both experiments. In the baseline experiment, the next most abundant metal was nickel, but in the experiment
with added zinc this had been superseded by chromium, although more nickel was also deposited in the "10
ppb" loop. The amount of deposited zinc was relatively minor, in comparison with Fe, Cr and Ni. Significantly,
more cobalt was deposited in the experiment with added zinc. ). This is understood in terms of the role of zinc in
blocking the uptake of cobalt in to duplex oxides as found on nconel and stainless steel 6] through occupancy
of grain boundary sites on the spinel lattice. Since ZrO2 has a different structure, zinc is not effective at inhibiting
cobalt deposition and proportionally more cobalt is deposited on the Zircaloy surface, in the presence of added
zinc.

The gamma counting results for the deposited oxide invariably show a lower specific activity for the "10 ppb"
loop. This is at variance with the amount of deposited oxide, and suggests that the deposits have not been
exposed to the neutron flux for the full period of the irradiation; i.e. that they have been significantly deposited
towards the latter stages of the irradiation. This contrasts with a marked increase in the specific activity of the
loose crud, on adding zinc. Tentatively, it may be suggested that with added zinc there is significantly less loose
crud, but it is more firmly adhered (or in a dynamic deposition release mechanism, spends more of its time in
the Zircaloy region). However, the incorporation of corrosion products in to the deposited oxide is slow and that
the corrosion products probably derive from solution species, not particulate (otherwise the deposited oxide
would have a high specific activity, like the loose crud).

The oxide specific activity results plotted in Figure 4 do not appear to indicate a consistent trend with
temperature. An alternative approach is to consider the specific activity as a function of position compared to the
peak neutron flux. In that case, all the main sample tubes (A-D) derive from locations at the core mid-height and
peak neutron flux (see Figure 2), and the variation in the specific activity is the natural range of variation of the
deposit. The other samples, E and F, were away from the peak neutron flux and therefore their average specific
activities should be less than the averages for the samples A to D. This is the case for loose crud (see Table 4)

1 0



where the average specific activities for samples A-D are almost always greater than the averages for samples
E -F. However, for deposited activity (see Table 8) the situation is not so clear. For the 10 ppb" loop most
results do follow this principle, but for the baseline experiment the average results are evenly spread, some
isotopes show A-D greater than E-F, and some the reverse. It is apparent that the effect is not a simple function
of temperature or of position.

In overall terms, considering the loose crud and the deposited oxide, the effect of adding zinc has been to
increase the amount of corrosion product, but by less than a factor of two. (As seen in the totals of the sums,
from Table 7 The total surface activity (the sum of loose crud and deposited oxide) is presented in Table 9.

TABLE9
Grand Total surface activity deposited on Zircaloy

(Bq/cm 2)

Loop Sample T Co-58 Co-60 Cr-51 Fe-59 Mn-54 Zn-65 SUM
(ppb Tube (OC)
Zn) I.D. wall
<1 A 306 3025 248 <LOD <LOD 108 37.4 3418
<1 B 312 2915 169 <LOD <LOD 40.1 55.1 3179
<1 C 317 2533 69.9 <LOD <LOD 13.1 9.58 2625
<1 D 322 514 93.9 <LOD <LOD 130 95.5 833
<1 E (325) 2436 169 <LOD <LOD 205 <LOD 2810
<1 F (325) 1557 86.6 <LOD <LOD 58.3 3.67 1705

Average A-D 2247 145 <LOD <LOD 72.7 49.4

Average E-F 1996 128 <LOD <LOD 132 1.84
10 A 306 1667 774 15669 1385 192 4627 24314
10 B 311 720 273 6603 1007 79.3 1173 9855
10 C 316 1167 374 0.00 848 109 2289 4788
10 D 320 1899 1082 5098 1564 236 4666 14545
10 E (323) 128 106 0.00 0.00 48.3 384 667
10 F (323) 2112 312 0.00 0.00 188 763 3375

Average A-D 1363 626 6842 1201 154 3189
- I

Aver2ge E-F 1120 1 209 0.00 0.00 118 574

From Table 9 it can be seen that the total activity per unit area in the "10 ppb" loop is greater than in the
baseline loop, for Co-60 and Mn-54; also for Zn-65 however that is understandable as zinc has been added.
However the activity of Co-58 is decreased in the `1 0 ppb" loop. The Cr-51 and Fe-59 appear to be greater, but
that may be due to the delay between irradiation and measurement for the baseline loop, which has caused the
measurements to be <LOD. The reduction in activity of Co-58 may be linked to significant spikes in Ni release
which were seen at each of the shut-down transients.



Conclusions

1 . The effect of adding zinc to the coolant chemistry has been a small increase (less than a factor of two) in
the amount of total oxide found on the Zircaloy surface. (But zinc produced significant reductions in
deposited oxide in other parts of the loop).

2. On adding zinc, loose crud is reduced and deposited oxide is increased on the Zircaloy surface.
3. On adding zinc, the loose crud has a higher specific activity for all corrosion products than in the baseline

case. It is suggested that this represents longer residence of crud particles on the Zircaloy surface.
4. It is suggested that (on adding zinc) the decrease in specific activity of the deposited oxide indicates that the

corrosion products are deposited more slowly, probably direct from solution, and are consequently less
activated.
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FIGURE 
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FIGURE 3

Total Oxide Deposition on Zircaloy
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FIGURE 4

Specific Activity of Oxide Deposited on Zrcaloy
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