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Abstract

The results from the long term corrosion surveillance of Zr-alloys samples located out of pile in the primary heat
transfer system of a PHWR with standard water chemistry show that, up to 3400 days, the mean value of the
oxide thickness obtained for Zr-2.5Nb and Zry-4 samples exposed at 305°C is in good agreement with the values
reported in the literature. The amount of crud deposited on the corrosion samples was calculated at every
inspection of the long term surveillance programme. The corrosion behaviour of these alloys is also studied in
static autoclaves with lithiated heavy water. The effect on Zr-alloys of a change in chemistry resulting from the
degradation of mixed resins in the primary heat transfer system was investigated in additional tests in static
autoclaves up to 120 days at 400°C comparing the results with those from the corrosion samples inserted in the
autoclave facilities of the plant.

1. INTRODUCTION

Zirconium alloys are critical structural materials for in-core components of nuclear reactors, either as
Zry-4 fuel channels, or as Zr-2.5Nb pressure tubes. These components should ideally retain their
integrity during the entire lifetime of the plant, around 30 EFPY (effective full power years).
Corrosion resistance is one of the main concerns related to these alloys, therefore Argentina-continues
with the research programme to correlate their long term in- and out-reactor corrosion.

The corrosion behaviour of Zr-alloys depends upon variables concerning the material itself (chemical
composition, microstructure) and many others related to the environment in which they are immersed.
The compressive stresses that arise in the oxide during the corrosion process have been depicted as a
relevant factor in the oxidation kinetics. This presentation describes some results from the out of pile
test programme for a range of temperatures between 265 and 435°C, including the effect of stresses
on the corrosion rate that was investigated through a carefully designed experiment. The influence of
a change in water chemistry due to the degradation of mixed resins in the primary circuit was also
studied with a simulation test reproducing the actual incident and from the results of the corrosion test
samples located in the autoclaves of the plant.

2. EXPERIMENTAL

Samples of Zr-2.5Nb were machined from pressure tube material which was extruded at 820-850°C,
cold-worked 20-30 %, then stress relieved in steam 24 h at 400°C. A batch of samples was heat
treated at 500°C for 10 h (TT) before oxidation. Samples of Zry-4 came from a fully recrystallized
sheet. Both materials and their chemical composition have already been described [1]. All specimens
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were ground and pickled prior to the autoclave tests, following the ASTM G2-88 standard procedure,
save the coupons used for the determination of the influence of stresses in the corrosion rate. These
specimens were ground down to 1200 emery paper.

Long term {ca 3400 full power days ) corrosion tests were carried out in the autoclaves located out of
core in the Embalse Nuclear Power Plant at 265 and 305°C, pH25°c= 1 0-2-l°-8 (LiOD) and hydrogen
content 3-10 cnP/kg D2O. Complementary, accelerated tests were performed in static autoclaves at
350, 315 and 265°C in lithiated heavy water simulating primary coolant and at 400 and 435°C in
degassed steam at high pressure (10.5 MPa). Corrosion rates were measured from the weight-gain of
the samples.

The oxide topography at the outer interface was studied by optical microscopy and scanning electron
microscopy (SEM). X-ray Diffraction (XRD), with Cu Ka radiation, was used to determine the oxide
composition and AC impedance measurements of the samples were performed to provide information
on the oxide structure. Both techniques and the procedures involved have been described in details in
a previous paper [1].

3. CORROSION KINETICS

The corrosion of Zry-4 in steam at 435°C shows a cyclic behaviour, as indicated in Figure 1. This
kind of behaviour was also found at other temperatures, Gohr et al [2] have shown that the cyclic
behaviour occurs without thermal cycling.
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Figure 1: Corrosion Kinetics for Zry-4, Zr-2.5Nb and Zr-2.5Nb TT at 435 °C in steam.
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The kinetic law that describes these cycles is:

The usual interpretation of the cubic kinetics implies a variable diffusion coefficient D across the
oxide film as the thickness grows. The thicker the film, the more impervious it becomes to diffusion
of the oxidizing species.

Figure 1 shows that the second cycle starts in the transition after 500 h, oxide thickness 3.2 um, and it
lasts approximately up to 1350 h reaching 6.4 um of oxide thickness. The cycles are afterwards
almost annealed out and the corrosion rate approaches a constant value of 1.08 ± 0.02 mg/dm^.d.
Zr-2.5Nb, whether heat-treated (TT) or not, follows a two-stage oxidation kinetics; a parabolic pre-
transition rate and a linear post-transition stage, the same behaviour was observed at other
temperatures. The transition point occurs at about 600 h of exposure for both batches, corresponding
to an oxide thickness of 3.6 um (TT) and 4.6 um respectively. Although both lots deviate from the
paralinear behaviour, the deviation is far less pronounced than the cyclic features of the Zry-4
oxidation [3]. The parabolic pre-transition behaviour is attributed to control by diffusion of the
oxidant through the oxide layer, with a constant diffusion coefficient.

The heat treatment improves the corrosion resistance of Zr-2.5Nb, due to changes in the
microstructure of the alloy. During the heat treatment, the metastable (3-Zr phase decomposes leading
to a smaller volume fraction of the total (3-phase. In the cc-Zr grains, supersaturated in Nb, a reduction
in Nb concentration in the matrix might occur by the formation of (3-Nb precipitates. Both processes
would induce a more stabilized microstructure which increases the corrosion-resistance [3-6]. These
changes are also induced by the temperature of the test during the corrosion tests as was shown in
previous work [7,1].
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Figure 2: Corrosion kinetics for Zry-4 and Zr-2.5Nb at 305 X in Embalse 's autoclaves
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Figure 2 presents the kinetic data obtained at 305°C from the samples inserted in the hot leg
autoclaves from both loops of the primary heat transfer system of Embalse after 3400 full power days.
The trend in the corrosion of Zr-2.5Nb is similar to that observed at 435°C, with a transition point at
about 400 days. The post-transition rate is 0.067 mg/dm^.d (1.6 jim/year), in agreement with 0.5-1.6
urn/year reported by Warr et al [8] from pressure tubes with 13.4 full power years at 290°C and the
values of 1.2-2.3 |j.m/year obtained by Warr et al [9] in out of pile tests at 310°C. The Zry-4 samples
have a transition point at around 800 days and the post-transition rate is 0.55 jam/year. The out-of-pile
tests indicate that for all temperatures the corrosion rate of the Zry-4 specimens is lower than those of
the Zr-2.5Nb coupons and that Zry-4 shows cyclic-kinetics while Zr-2.5Nb has a two stage or
paralinear kinetics [10,11].

The deposition of crud was calculated from the samples of Zr-alloys inserted in the hot (305°C) and
cold (265°C) leg autoclaves. Table I presents the results of loose and adherent oxide measured in
samples of Zry-4 in the autoclaves of one of the loops of the primary circuit.

TABLE I: Loose and adherent crud on Zry-4 specimens

Temperature Adherent crud Loose crud Total crud
(mg/dm^) (mg/dm^) (mg/dm^)

305°C 0.3 0.7 1.0

265°C 0.9 0.5 1.4

The values of crud thus obtained are in agreement with the recent theories that explain the mechanism
of generation of corrosion products in CANDU reactors with carbon stee) feeders and the deposition
of these corrosion products in the steam generators according to the related literature [12,13]. As is
predicted, specimens in the cold leg autoclave have larger deposits since the coolant is probably still
supersaturated in iron respect the solubility value and present a larger percentage (64%) of adherent
crud deposited on the surface. The coupons inserted in the hot leg autoclave show smaller values of
total deposit and a smaller percentage of adherent crud (30%), this difference can be attributed to the
presence of particulate matter that is formed by erosion of crystals recently precipitated.

Table II shows a comparison between the results of crud found on samples from the hot leg
autoclaves of the two loops of the primary system.

TABLE II: Comparison between hot leg autoclaves of both loops of the primary system

Loop Loose crud Adherent crud Total crud
(mg/dm^) (mg/dm^) (mg/dm^)

1 0.7 0.3 1.0

2 2.0 1.1 3.1

The difference in the samples of both loops is due to an asymmetry in the behaviour of the
purification system that has already been observed in previous experiments.
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4. MICROSTRUCTURE

4.1. Impedance measurements

AC impedance measurements of the oxide layers grown at 435°C were performed in 1M H2SO4
solution. The response of the samples changes with autoclave exposure time. At short exposure times,
the response is purely capacitive, and at longer times the data indicate an RC equivalent circuit.

Figure 3 presents the time dependence of the total oxide film, the average thickness of the dense
oxide layer as calculated from AC impedance measurements and the corrosion rate for Zry-4 at
435°C.

The total oxide layer is composed by two separate layers and this double layer starts at the very
beginning of growth of the oxide film. During the first cycle the oxide film and the dense oxide layer
grow while the corrosion rate decreases. At the transition point, the thickness of the protective layer
decreases and the corrosion rate increases accordingly. When the second cycle begins, the oxide
thickness and the dense oxide layer increase once again, the corrosion rate diminishes and the pattern
of the first cycle is repeated. The decrease of the dense oxide layer thickness during the transitions
implies that part of it has become porous so that the oxidant penetrates the pores reducing the length
of the diffusion paths in the oxide for the oxidizing species. Consequently, the corrosion rate should
increase. Once the dense layer starts to grow again, the corrosion rate should decrease.

The pattern followed by Zr-2.5Nb showed that the dense layer thickness grew up to the transition
where it decreased analogously to Zry-4. From then on, it was nearly constant and the corrosion rate
changed accordingly, as a function of the thickness of the dense layer.

Changes in thickness of the dense layer with a trend similar to that observed in this work have been
reported by Bossis et al [14] on Zry-4 samples oxidized at 415°C in steam and by Pecheur et al [15]
using the SIMS technique to determine the thickness of the barrier layer in oxide films grown on
Zry-4 in autoclave tests at 360°C with different lithium content.

7 r
Thickness [pm] Corrosion rate [mg/dm"2.d]

30 40
Time [d]

'z Oxide Layer * Dense Oxide Layer Corrosion rate

Figure 3: Time dependence of the total oxide layer, average thickness of the dense
oxide film and corrosion rate for Zry-4 at 435 °C.
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4.2. X-ray analysis

X-ray diffraction analysis was performed without removing the oxide layer from the samples. The
structure of the films was studied in a powder difrractometer using a 0 - 20 scan by reflection X-ray
diffraction and a thin film texture difrractometer described in [16].

The films grown in Zry-4 and Zr-2.5Nb were mainly formed by monoclinic ZrC>2, although a small
fraction of tetragonal phase was detected, with the conventional reflection X-ray diffraction technique,
by a weak peak corresponding to the 11 lt reflection, in a fraction varying with the oxide layer thickness.
The existence of the tetragonal phase has been described in the literature as a relevant factor in the
corrosion mechanism of Zr-alloys [17].

Figure 4 shows a comparison between the spectra of an oxide film of 48 urn grown on Zr-2.5Nb
coupons and that of the ZrO2 powder, composed by random oriented crystallites. The results clearly
indicate the absence of the 11 lm peak in the spectrum of the oxide layer and the greater intensity of the
002m , 10-2m, 20-2m and 10-4m peaks of the oxide film as compared with the same ones in the powder
spectrum. This is a consequence of the texture of the oxide film, that should be related with the
orientation of the base material and the stresses developed in the oxide.

The difference in the detection of the 11 1, reflection observed for the Zry-4 and Zr-2.5Nb samples with
the conventional technique show that the orientation of the crystallites of the tetragonal phase with
respect to the metal surface is different in both alloys. Also, the existence of texture in these oxide films
may result in an overestimation or sub-estimation of the tetragonal volume fraction when computed by
the conventional X-ray diffraction technique that does not take into account the texture of the oxide as
was already reported [16].

4000

[counts]

3500

3000

2500-

2000-

1500-

1000.

500-

0.0

1 1 1

T ! 1
002

1 04

Figure 4: X-ray diffractograms of (a) monoclinic 2rO2 powder (b) oxide film of
48 fum thickness grown on Zr-2.5Nb
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Table III shows the differences in the values of the tetragonal volume fraction calculated using the
conventional X-ray technique with those obtained using a thin film texture diffractometer.

TABLE III: Tetragonal volume fraction vs oxide thickness of films grown
in lithiated heavy water at 350°C

Material

Zry-4

Zry-4

Zry-4

Zry-4

Zr-2.5Nb

Zr-2.5Nb

Zr-2.5Nb

Zr-2.5Nb

Zr-2.5Nb

% Tetragonal

Thickness
(jam)

0.7

1.7

2.0

2.3

0.7

1.7

2.7

3.5

4.4

Phase

Method A

13.36

7.85

7.16

7.86

7.91

5.16

3.95

3.12

3.13

Method B

21.0

9.8-10.3

9.6-12.8

13.8

n.d.

2.8

1.8-2.5

1.5-2.7

1.5-1.7

n.d. : not detected
Method A: Thin film texture diffractometer
Method B: Conventional X-ray diffraction technique

Similar results of a decrease in the tetragonal volume fraction with increasing oxide thickness have
been reported either for Zry-4 [1,18-20] or for Zr-2.5Nb [16].

5. INFLUENCE OF STRESSES IN THE CORROSION RATE

As the oxide grows on the base metal, the difference in volume between them gives rise to
compressive stresses in the oxide. Godlewski et al [17] have related the stresses in the oxide film with
its stability by measuring the relationship of the stress distribution and the amount of the tetragonal
ZrO2 phase in the film. In order to assess the influence of the stresses in the corrosion rate, the
following experiment was carried out with fully recrystallized Zry-4 sheet.
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The samples were oxidized in steam at 400°C. After 19 days of exposure, the kinetic constants k and
n of the oxidation process were calculated. Two samples were removed from the autoclave and
mounted on a flat surface for the removal of the oxide film and part of the base metal from one side of
the sample. When the samples were dismounted, the specimens bent under the influence of the
residual stresses in the remaining oxide. The change in curvature was measured and the stresses were
calculated using the procedure described by Bradhurst and Heuer [21]. The other samples were also
mounted and dismounted to reproduce the procedure. Figure 5 shows the flow diagram of the
experiment.

Sample Preparation

Z-5, Z-6, Z-7, Z-8

Oxidation

400°C, 19 days

r

Removal of oxide
Measurement of stresses

Z-5 , Z-7

1
Determination of the

kinetic constants

Z-6 , Z-8

Oxidation of all
samples

400°C , 22 days

Figure 5 Flow diagram of the experiment

The kinetic constants were obtained from the data collected during the first 19 days of oxidation. The
k values are close to 12 mg/dm2 dn and n is close to 0.35. The values of n indicate that the
corrosion kinetics of Zry-4 is cubic as is reported in the literature [3,22-24]. The calculated values of
the stresses were around 400 MPa, comparable to those obtained by Garzarolli et al [19]. All samples
were reinserted in the autoclave for another 22 days.

In order to detect if the corrosion kinetics are modified due to the stress relaxation, the measured
weight-gains and corrosion rates were compared with the calculated ones for both sets of samples
using the values of k and n determined from the first 19 days of oxidation.
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Figure 6 shows the calculated and the experimental values of the weight gain and corrosion rate for
Z-5, sample with removal of oxide and metal, and for Z-8, sample without removal. Figure 7 presents
the same data for samples Z-7 and Z-6. Both figures indicate that the kinetic constants calculated with
weight-gains up to 19 days provide a good prediction of the subsequent oxidation of samples Z-6 and
Z-8. This good prediction implicates that the experimental weight-gains and corrosion rate of Z-5 and
Z-7 should agree with those calculated if the relaxation of the stresses in the oxide does not affect the
corrosion rate. However, there is a difference between both sets of values.
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Figure 6 : Calculated and measured weight-gain and corrosion rate of Z-5 and Z-8
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Figure J: Calculated and measured weight-gain and corrosion rate ofZ- 7 and Z-6.
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This can only be attributed to the relaxation of stresses in the oxide remaining on the samples where
one side was polished. Since the surface finish is identical to the initial one of the samples, the
increase in corrosion rate is related to the side where the oxide was not removed. Knights and Perkins
[25] reported a similar effect at 400°C in a different kind of test. Both figures also show that the
difference between the calculated and the experimental weight-gain measured is established during
the first three days of oxidation after the removal of oxide and metal. This fact would imply that the
stresses have been reestablished with the growth of the very thin layer at the metal/oxide interface.
Godleswski et al [17] have reported that the compressive stresses are very high in a narrow zone near
the metal/oxide interface. These tests are under progress including Zr-2.5Nb samples and testing of
both alloys at 350°C.

To ensure that differences in thickness between the specimens with and without removal of oxide and
metal have no influence in the corrosion kinetics, specimens cut from the same sheet were ground to
different thicknesses using the same surface finish as in the coupons used for the determination of the
influence of stresses in the corrosion kinetic. These specimens were also tested at 400°C in steam in
order to determine their corrosion kinetics.

Figure 8 shows the oxidation kinetics for the samples of different thicknesses. These results show
that for a range of thickness between 1.25 and 0.15 mm, there are no differences in corrosion
behaviour between them. For this range of thickness and our test conditions, the difference in
thickness does not affect the corrosion kinetics.

Hick. 1.<£>rrm
Thick. QTBrrm
Hick. 0.50 rrm
lhck.0.15nnm

i

Time [d|

Figure 8 : Corrosion kinetics in steam at 400 °C for coupons with different thicknesses
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6. EFFECT OF RESIN DEGRADATION ON THE CORROSION RATE OF ZR-2.5NB.

In May 1988, 1000 1 of mixed resins entered the primary coolant system of the Embalse NPP. The
station was running during six hours before the shut down. The decrease of temperature of the
primary system was 3°C per minute. The influence of the resin ingress was evaluated through the
behaviour of the corrosion coupons inserted in the Embalse autoclaves and through simulation tests
performed in static autoclaves.

6.1. Coupons inserted in Embalse's Autoclaves

Zry-4 and Zr-2.5Nb coupons were inserted in October 1986 in the Embalse autoclaves and were
inspected after the resin ingress and during further inspections in order to assess the corrosion
behaviour of the coupons that were exposed to the degradation products of the resins. The corrosion
test samples of Zry-4, also from a fully recrystallized sheet, are labelled as Zry-4 (B).

Table IV shows the cumulative weight gains of the Zry-4 (B) and Zr-2.5Nb coupons after successive
inspections. The results indicate that the Zry-4 (B) specimens inserted in the 265°C autoclave, are in
the pre-transition stage after 3800 full power days as would be expected at this temperature. The
Zry-4 (B) coupons from the 305°C autoclave are in the post-transition stage and the post-transition
corrosion rate is 0.7 urn/year. The Zr-2.5 Nb specimens located in the 305°C autoclave have a post-
transition corrosion rate of 1.9 um/year, analogous to the value of 1.6 um/year for the specimens
inserted in these autoclaves after the resin ingress that was reported in the previous part of this work.
A comparison with values reported in the literature is also presented in the Table. All coupons were
coated with a black oxide and no evidence of damage was seen by optical microscopy.

TABLE IV: Weight-gain and post-transition corrosion rate of coupons from Embalse's autoclaves

Autoclave Material Insertion May-88 Jun-88 May-89 Sep-89 May-91 Apr-93 Post-trans.

Temp. Date Corr. Rate

mg/dm2 mg/dm2 mg/dm2 mg/dm2 mg/dm2 mg/dm2 um/year

265°C

305°C

305°C

305°C

• 290°C

310°C

Zry-4 (B)

Zry-4 (B)

Garzarolli22

Hillner23

Zr-2.5Nb

Zr-2.5Nb

Warr8

Warr9

Oct-86

Oct-86

Oct-86

May-8J

36

10

26

63

11

31

71

14

47

16

61

Pre-trans

0.7

1.2

1.0

1.9

1.6

0.5-1.6

1.2-2.3
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6.2. Simulation Test

A test simulating the ingress of mixed resin to the primary circuit of Embalse was performed at
400°C in steam with Zr-2.5Nb pressure tube material.

Two batches of samples were machined from pressure tube material, the lot identified as PT was in
the as received condition and the lot identified as TT was heat treated 10 h at 500°C. This heat
treatment was performed in order to obtain a microstructure similar to that of the irradiated material.
All samples were ground and pickled and half of the samples were pre-filmed during 3 days in steam
in a static autoclave at 400°C. Some specimens from the four lots were chosen to be used as reference
samples.

Next, a simulation test of the ingress of mixed resin to the primary circuit of Embalse was done with
all samples, either pre-filmed or not, with and without heat treatment. The test was performed at
300°C in lithiated water, pH25°c = 10-5, with 16 cc of mixed resin /I H2O, during 7 h. All samples,
including the reference ones, were then oxidized in static autoclaves in steam at 400°C. Figure 9
shows the flow diagram of the test.

f

Reference

ground and
pickled

Prefilmed
3 days, 400°C

*"

Sample preparation

1

—

r

Heat treatment
10h,500°C

ground and
pickled

1

Prefilmed
3 days,400°C

Simulation test

Corrosion kinetics

- ^ 1

l

Reference

Figure 9 : Flow diagram of the experiment
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Figure 10 shows the corrosion kinetics followed by the three kind of samples during 120 days. All
specimens are in the post-transition stage, that began at approximately 75 days. No difference of
behaviour is found between the two batches and the reference specimens which means that the
degradation of the resins did not affect the corrosion behaviour of pressure tube material.

150
Weight Gain [mg/dm"2] Thickness [Mm]

120

TP.Prefilmed

TP.Pickled

TP.Reference

50 75
Time [d]

100

10

_J ry

H6

125

Figure 10 : Corrosion kinetics in steam at 400 °C of samples without heat treatment.
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TP.TT.Prefilmed

TP.TT.Pickled

TP.TT.Reference

50 75

Time [d]

100
—'0
125

Figure 11; Corrosion kinetics in steam at 400 °C of samples with heat treatment

Similar results are found with the heat-treated material, Figure 11. The samples are in the post-
transition stage that started at around 105 days. These results indicate that the heat treatment improves
the corrosion resistance of Zr-2.5Nb as was shown in the test performed at 435°C. Once again, no
differences are detected for the samples from the simulation test.
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Samples machined from pressure tube and with surface finish with 3 um diamond paste were used to
see if the presence of resin in the medium can produce localised attack. Several marks were made in the
surface of the samples in order to identify the same area. The surface of the specimens was observed
before and after the simulation test with scanning electron microscopy. The inspections showed no
damage as can be seen in Figures 12 a) and b).

The oxide grown on the surface of the specimens after 120 days of exposure was also inspected by
scanning electron microscopy. No difference was found between the specimens from the simulation test
and the reference sample, Figures 13 a ) and b).

' . . . : . " • - •

625E2 4237^88

Figure 12 a: Surface of the sample
before the resin simulation test

,381 kU S.25E2 4673^88

Figure 12 b: Surface of the sample
after the resin simulation test

Figure ^a: Oxide from a sample
oxidized after the resin simulation test

Figure \3b: Oxide on the surface
of a reference sample

The behaviour of the corrosion test samples inserted in the CNE autoclaves and the tests performed in
the laboratory simulating the resin ingress indicate that this event has not modified the corrosion
behaviour of the materials.
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7. CONCLUSIONS

-The corrosion rate of the Zr-2.5Nb samples is larger than that of the Zry-4 specimens for our tests
conditions.
-Zry-4 presents a cyclic oxidation while Zr-2.5Nb shows a two-stage or paralinear behaviour.
-Heat treatments modify significantly the corrosion rate of Zr-2.5Nb.
-The corrosion rate of both materials is controlled by the dense oxide layer at the metal/oxide
interface and this dense layer decreases at the transition.
-X-ray diffraction analysis shows the difference in texture of the tetragonal phase of both materials
and the relevance of taking into account the texture of the oxide when calculating the tetragonal
volume fraction.
-The compressive stresses in the oxide influence the oxidation kinetics of Zry-4.
-The degradation products formed during the resin excursion, either in the actual event or in
simulation tests, showed no influence in the corrosion kinetics of Zr-2.5Nb .
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