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RECENT OBSERVATIONS ON THE EVOLUTION OF SECONDARY-PHASE
PARTICLES IN ZIRCALOY-2 UNDER IRRADIATION IN A BWR TO HIGH BURN-UP

S. Abolhassani, T. Graber, D. Gavillet, F. Groeschel

The influence of radiation on the corrosion of the fuel claddings in a Light Water Reactor (LWR) has been
the subject of many investigations, and different aspects of the overall phenomena have been studied by
different techniques. Analysis of the evolution of Secondary-Phase Particles (SPPs) for different periods of
immersion of the cladding in the reactor enables the rate of corrosion to the structure of the material to be
correlated. In the case of Zircaoly-2 in a Boiling Water Reactor (BWR), SPPs are dissolved under irradia-
tion, and their dissolution affects the rate of oxidation and other correlated phenomena.

In recent studies, the Zircaloy-2 in claddings loaded in the Leibstadt BWR are analysed after one, three
and five cycles. Results are presented, and give an account of the changes which occurred in the materi-
als under irradiation.

1 INTRODUCTION

The corrosion of fuel claddings in an LWR has been
the subject of many investigations in the recent years
in the Nuclear Energy and Safety (NES) department,
and several aspects of corrosion, such as the exami-
nation of the fuel rods after different numbers of cy-
cles in the reactor, Post-Irradiation Examination-PIE
[1-6], and hydrogen pick-up of the cladding after long-
term immersion [3, 7], have been studied and re-
ported. The water chemistry [8], especially in the case
of a BWR, has also been studied, and its influence on
the corrosion properties of the claddings also investi-
gated by other researchers.

Both Zircaloy-2 and Zircaloy-4 have been examined.
Zircaloy-2 is a zirconium-base alloy containing small
concentrations of nickel, and is used in BWRs, while
Zircaloy-4 is a zirconium-base alloy containing no
nickel (in order to decrease hydrogen pick-up), and is
used in PWRs. Table 1 gives the standard composi-
tions for these two alloys. The alloying elements such
as Fe, Cr and Ni, present in the alloys, precipitate in
the a-phase (zirconium has a bcc structure (P)
above 863 C and transforms to hcp+ (a) below this
temperature) and form intermetallic compounds with
zirconium. These are often referred to as Secondary-
Phase Particles (SPPs). Tin does not usually pre-
cipitate, and remains in solid solution.

One of the parameters which can influence the corro-
sion behaviour of the cladding material is the distribu-
tion of precipitates, their nature and composition. The
role of SPPs on the corrosion behaviour of Zircaloy
has been intensively studied by several investigators,
both in out-of-pile and under in-reactor conditions.
The size and distribution of these particles have been
correlated to the rate and type of in-reactor corrosion.
The anodic protection provided by the SPP in the
aqueous corrosion of Zircaloy has been demon-
strated in the work of Isobe et al. [9]. These authors
have shown that in the presence of SPPs, a thin,
black layer of protection oxide is formed on the Zir-
caloy surface, which reduces the oxidation rate of the

material. In the absence of SPPs, for a given compo-
sition of the Zircaloy, the corrosion rate is higher [9].
The evolution of SPPs in Zircaloy-4 claddings, loaded
in the G sgen PWR, has already been investigated
[4,5], and the results indicated the dissolution and
reduction of size of the precipitates.

In a recent investigation, supported by Kernkraft
Leibstadt (KKL), and based on two distinct projects,
the characteristics of Zircaloy-2 from two suppliers
are separately studied after long-term immersion in
the KKL-BWR, and the overall examinations are fol-
lowed by an SPP analysis. The present report de-
scribes the SPP observations carried out on these
materials.

The main sources of corrosion of Zircaloy-2 in BWRs
are the overall corrosion due to the reactor environ-
ment, corrosion due to the structural changes in-
duced by the irradiation of the cladding, and the
spacer shadow corrosion (including the enhanced
spacer shadow corrosion). One of the structural
changes induced by irradiation is the dissolution of
precipitates in the Zircaloy matrix. Knowing the role of
SPPs, as mentioned above, their dissolution can
cause an acceleration of corrosion phenomena. The
analysis of the evolution of the SPPs allows compari-
son of the behaviours of the alloys which were pre-
pared differently, and provides a more complete un-
derstanding of the corrosion mechanisms involved in
the complex environment mentioned above. Several
Zircaloy-2 claddings, with different composition and
heat treatments, and from two manufacturers, have
been analysed for SPP evolution, before and after
immersion, and their dissolution behaviour has been
correlated with their characteristic composition and
structure [10-12]. A representative account of these
observations is reported here.

2 MATERIALS AND METHODS

Three Zircaloy-2 variants from one supplier
(nominated A1, A3 and A4), and one variant from the
other supplier (nominated G1), are selected as repre-
sentative examples to be discussed here.
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Table 1: The chemical composition of standard Zircaloy-2 and Zircaloy-4 alloys.

Comp.(wt%):

Specimen

Standard Zry-2

(ASTM B353)

Standard Zry-4

Sn

1.2-1.7

1.2-1-7

Fe

0.07-0.2

0.18-
0.24

Cr

0.05-
0.15

0.07-
0.13

Ni

0.03-
0.08

-

Fe+Cr+Ni

0.18-0.38

-

O

ppm

1000-
1400

1000-
1400

Si

ppm

Max 120

Max 120

C

ppm

Max 270

Max 270

The material A1 is a Zircaloy-2 tube without liner, the
other two materials (denoted A3/L and A4/L), and the
G1 material (denoted as G1/L), are tubes with an
internal liner. The heat treatment of each cladding
material studied is different, and the fabrication proc-
ess consists of several distinct steps. The final stage
of fabrication usually includes two to three cold draw-
ing and annealing steps. The intermediate annealing
conditions, including the temperature and the time of
annealing, have an important effect on the final
structure of the material and the nature of the SPPs.
The data concerning the heat treatment is proprietary,
and a parameter called the "cumulative annealing
parameter", and denoted by A, is defined to specify
the difference in heat treatment of the claddings, as
defined below:

A = Zfc exp (-Q/RT,),

in which i corresponds to the ith heat treatment (after
the last p-quench) of the material at the temperature
Tj (K) during the time t, (h), R, is the gas constant,
and Q an activation energy of 63,000 cal/mol [13].

The data for each material, including the irradiation
conditions and the position of the specimens along
the rods, are given in Table 2. All fuel rods analysed
have been irradiated in the KKL-BWR. The tempera-
ture of the outside walls of the tubes was calculated
to be 290 C (563 K), and that of the inner walls 320 C
(593 K).

The size and distribution of the SPPs, and their
chemical analysis, has been studied by transmission
electron microscopy (TEM). In order to observe the
material using TEM, several 3 mm discs have to be
prepared and thinned byelectropolishing [10-12].

Specimens are observed and analysed with a JEOL
2010 transmission electron microscope [14]. An ac-
celeration voltage of 200 keV is used for the observa-
tions. X-ray microanalysis is performed with an EDS
detector from Oxford Instruments (minimum resolu-
tion: 132 eV), with Link ISIS software. The size dis-
tribution of precipitates is carried out using analysis
2.1 software. The procedure consists of making TEM
observations at a magnification appropriate to ob-
serve both small and large precipitates, and subse-
quently to measure the size of precipitates and pro-
vide histograms showing the frequency of occurrence
of each size category before and after irradiation.

For each material, 200 to 600 particles are measured
prior to irradiation. The number of precipitates meas-
ured after irradiation depends on the material. The
equivalent diameter of the precipitates (diameter of a
circle with the same surface area as the precipitate),
as calculated by the software, is used to determine
the size distribution. Results of observations, analysis
of the composition, and the structure of the precipi-
tates, are all presented in the following Section.

Table 2: Descriptions of the claddings analysed after different cycles of irradiation in the reactor.

Material

A1

A1

A3/L

A4/L

G1/L

Sn%

1.42

1.42

1.34

1.34

1.30

Fe%

0.11

0.11

0.18

0.18

0.19

A parameter

-16.0

-16.0

-14.2

- 15.4

not available

No.of cycles

1

5

3

3

5

Assembly Burn-up
MWd/kgU

10.886

49.542

34.725

34.725

43.9

Fluence
(n/cm2forE>1.35MeV)

1.5x10E+21

12.7x10E+21

5.9x10E+21

5.9X10E+21

11 X10E+21

Position of spec./
Elevation

Outside spacer
1213 mm

Outside spacer
2078 mm

Outside spacer
2011 mm

Outside spacer
2011 mm

Outside spacer
1945 mm
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3 RESULTS

3.1 Size distribution of SPPs

The irradiation of cladding by fast neutrons induces a
series of changes in the structure of the material, the
extent depending on the original structure, the condi-
tions of irradiation, and the number of cycles the ma-
terial has been in the reactor. For the conditions ap-
propriate to a BWR, and for the temperatures men-
tioned above, the changes occurring in the material
involve the radiation damage to the matrix structure
(including black dots and dislocation loops), as well
as modification of the composition and dissolution of
the SPPs. No direct indication of growth of precipi-
tates has been observed in the materials studied.
This point is therefore not discussed in the present
report.

An example of the microstructure of the Zircaloy-2
claddings can be observed in Fig. 1 for material A1,
before irradiation, and after one and five cycles of
immersion. This material contains a large number of
very small precipitates (of the order of 10 - 25 nm),
and has only a small number of large precipitates.
The size distribution histogram of the material is
shown in Fig. 2. Practically no precipitates are ob-
served after 5 cycles. The microstructure of the A3/L
material before irradiation, and after 3 cycles of im-
mersion, is shown in Fig. 3. This material has higher
iron, chromium and silicon content, and has followed
a different heat treatment. The size distribution of
precipitates in the material is shown in Fig. 4a.
In order to separate the influence of the heat treat-
ment from the ingot composition, a material with
identical composition to A3/L, but having a different
heat treatment (a different A parameter) in the final
stages of fabrication, is studied. Figure 4b shows the
size distribution of the precipitates in this material
(A4/L), before irradiation, and after the same number
of cycles of immersion in the reactor. A greater loss
of precipitates is observed for this material.

Material G1/L has a composition similar to A3/L, but
with slightly different Ni and Si content. The structure
of this material is, however, more comparable with
that of A1. It has a large number of small SPPs (i.e.
below 25 nm), and few precipitates of large diameter
are present before irradiation. After five cycles in the
reactor, very few precipitates are observed. Figure 5
shows the size distribution of precipitates in the mate-
rial.

3.2 The structure and composition of SPPs

Another important factor to be considered in the evo-
lution of precipitates is the composition and nature of
the SPPs. Different types of precipitates are observed
in the Zircaloy matrix, the most common of which are
Zr(Fe,Cr)2 and Zr2(Fe,Ni). The ratios Fe/Ni and Fe/Cr,
as well as the size of each precipitate, vary according
to the ingot composition and heat treatment. Other
precipitates observed are Zr2(Fe,Si) and Zr2Si, known
to appear if Si > 50 - 80 ppm, [15].

As the X-ray signal coming from the precipitate is
superimposed on the signal from the matrix, the ab-
solute composition of the precipitates is not actually
defined, but the ratio Fe/Cr or Fe/Ni is estimated, and
the presence of other elements in the composition is
determined. Table 3 summarises the results of analy-
sis of the composition of the precipitates, before and
after irradiation, for each material studied. One of the
changes occurring in most precipitates, especially in
the case of Zr(Fe, Cr)2, is the preferential dissolution
of the Fe in the matrix and the depletion of the pre-
cipitate from the iron content. This phenomenon can
be explained by the rate of diffusion of Fe in the Zr
matrix, which is higher than for the other two ele-
ments. Figure 6 illustrates the depletion of iron from
the Fe/Cr precipitates; the Fe/Ni precipitate does not
show the same iron depletion. In one case, that of the
A1 one-cycle material, an increase in the Fe/Cr ratio
is observed. This phenomenon is not yet explained.

•m

Fig. 1: Bright field contrast of the A1 material with small SPP size distribution. Scale bar represents 200 nm,
(a) before irradiation, (b) after one cycle in the reactor, and (c) after five cycles in the reactor.
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Fig. 2: Size distribution histogram for A1 one-cycle (A1 1c) irradiated material compared with the corresponding
archive material (A1). The five-cycle material is not shown due to the absence of precipitates. The scale for
number density is 1/^m2.

Fig. 3: Bright field contrast of the A3/L material. Scale bar represents 200 nm, (a) before irradiation, (b) after three
cycles in the reactor.

Further observations indicate that the composition of
the precipitates influences their resistance to dissolu-
tion, and a higher Fe context enhances the resistance
to dissolution.

The structure of the precipitates also goes through a
change, and amorphisation of certain precipitates is
observed for the Fe/Cr precipitates.
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Fig. 4: Size distribution histograms for irradiated materials compared with the corresponding archive material, (a)
A3/L archive and three cycle: (b) A4/L archive and three cycles, 3c: three cycles. The scale for number den-
sity is 1/(a.m2.

3.3 Distinction of size distribution of the two pre-
cipitates

The observations so far realised on the size distribu-
tion of precipitates in the Zircaloy-2 material have
been carried out on the overall distribution of these
precipitates, and no distinction between the two (or
more) types of precipitates has been taken into con-
sideration. It is, however, interesting to measure the
size distribution of each type of precipitate separately,
as this ebabies the influence of heat treatment on the
growth rate of each type of precipitate to be under-
stood, and also provides a better understanding of the
behaviour of the material under irradiation. In order to

obtain such size distributions, chemical analysis of the
precipitates is necessary. Individual point analysis on
each precipitate would be tedious and very time con-
suming. In order to provide information about the size
distribution of each precipitate in the present studies,
chemical mapping is performed. This procedure con-
sists of scanning the electron beam and cumulating
the X-ray signal for each pixel and for each energy
window selected. The total area selected is scanned
for about one hour, so that for the 256x256 pixel area
scanned, the total detection time for each point is
about 0.05 s.
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Fig. 5: Size distribution histograms for irradiated G1/L material compared with the corresponding archive material:
(a) G1/L archive and three cycle; (b) G1/L5 cycles. As the number of precipitates are very small, only the
frequency of occurrence is given separately for the archive and irradiated materials.

Fig. 6: Bright-field contrast and X-ray microanalysis (line profile) of two adjacent SPPs indicating the preferential
depletion of iron in the Zr(Fe,Cr)2 particle (P1). The Zr2(Fe,Ni), particle (P2), shows only a small decrease of
iron content; the scale bar represents 100 nm.
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Table 3: The mean equivalent diameter of the secondary-phase particles, and the average ratio of Fe/Cr and Fe/Ni
in different precipitates (*very low signals, the ratio could have a large error and is not given).

Archive

Material

A1
1 cycle

A3/L
3 cycles

A4/L
3 cycles

G1/L
5 cycles

Mean
dia.

23
SD
15
24
SD
66
56
SD
36

25 SD
9

Fe/Cr
ratio (atom.)

0.70
-0 .1

0.85
-0.15

1.1
-0 .2

1.11
-0 .2

Fe/Ni
ratio (atom.)

0.70
-0 .1

1.66
-0.25

1.45
-0.15

1.39
-0.25

Irradiated
Mean
dia.

34
SD
20
64
SD:
31

65
SD:
40
51
SD
18.7

Fe/Cr
ratio (atom.)

0.4-2.7

0.22
range 0.06-

0.4

0.06-0.6

*

Fe/Ni
ratio (atom.)

0.65
range: 0.4-

1.33

1.146
range: 0.9-

1.33

1.16
range: 0.53-

2.06

*

Precipitates
with SI

-

very little Si de-
tected

few Fe-Si SPP
detected

-

An appropriate choice of conditions is thus necessary
to obtain sufficient X-ray signals and satisfactory re-
sults. The threshold of detection is also larger, i.e. a
stronger signal from a given element is necessary,
compared with that of point analysis, as the detection
time for each point is 103 to 104times shorter.

Several maps are required to accumulate the data for
a size distribution analysis. Figure 7a shows an ex-
ample of bright field contrast of A4/L precipitates and
the corresponding X-ray map; the size of precipitates
is measured from the bright field image. The size
distribution histogram of precipitates is shown in
Fig. 7b. As can be observed, the size distributions of
the two precipitates are not very different. Neverthe-
less, the precipitates above 350 nm are only Fe/Ni,
and at the lower limit there are mainly Fe/Cr precipi-
tates.

4 DISCUSSION AND CONCLUSIONS

To interpret the results of SPP analysis, and to cor-
relate the results to the corrosion behaviour of the
material under the reactor conditions, is only possible
if all the information about the material is available,
i.e. from the manufacturing conditions to the in-
reactor results. Several parameters could influence
the changes of corrosion behaviour of the material
which, in the absence of sufficiently reliable data, are
not predictable, and would lead to incorrect interpre-
tation of results.

The evolution of the SPPs however, could enable
certain behaviour for the material to be predicted, and
the predictions could be consolidated to some extent
by analysis using PIE.

Fig. 7a: The chemical map of A4/L archive material to show the distribution of SPPs containing chromium and
nickel. The RGB map is reconstructed from the three maps of Fe, Ni and Cr. The Fe/Ni precipitates are
light grey and the Fe/Cr precipitates are dark grey. Scale bar represents 1000 nm.
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Fig. 7b: Size distribution histograms for the two types of precipitates in the A4/L archive material.

As an example, all other parameters being equal, the
presence of SPPs decreases the rate of corrosion of
Zircaloy. Therefore, a material which still contains
precipitates after long immersion in the reactor,
should better resist the overall corrosive environment
compared with a material which has all its precipitates
dissolved. To illustrate this statement, the oxide
thickness of the different materials, after a different
number of cycles of immersion, could be investigated.

In the case of material A1, the number of precipitates
reduces rapidly after one cycle and, after five cycles,
practically no precipitates were present in the mate-
rial; the rate of oxidation in this material is expected to
be high, and to rise rapidly. The results of oxide
measurements, shown in Table 4, do indicate that the
rate of corrosion is higher in comparison with that of
the other two materials.

Materials A3/L and A4/L, after 3 cycles, show oxide
thicknesses which are comparable with those of A1
after only one cycle. Consequently, they could be
considered to have a corrosion rate which is much
slower. The other important observation is that the A1
material has a sudden rise in the rate of corrosion
(more than 10 fold) during the fifth cycle.

Table 4: The average oxide thickness values meas-
ured near the position where the SPP
analyses are performed.

Material
type

A1 1 cycle

A1 4cycle

A1 5 cycle

A3/L 3cycle

A4/L 3cycle

G1/L5cycle

Oxide thickness
(nm)

3.5-0.4

15

6 0 - 1 2

4 - 1

4.7

1 0 - 2

This could not be explained by comparison with the
other two materials supplied from the same manu-
facturer, as they are only analysed after 3 cycles.
Nevertheless, the comparison with the 5-cycle mate-
rial of the second supplier (G1/L) indicates that the
sudden change could again be due to the absence of
precipitates in the former. The G1/L material shows a
better resistance to corrosion, this could be explained
by the fact that, although the size distribution of pre-
cipitates in the material is similar to A1, its ingot com-
position is considerably different, the concentration of
Fe, Cr and Si being higher, and similar, to A3/L and
A4/L.

The results of the observations, and the analysis of
the size distribution and evolution of the composition
of SPPs, provide useful information about the Zir-
caloy-2 material used for the claddings in Leibstadt.
The observations indicate that both the ingot compo-
sition and the steps involved in the final heat treat-
ment of the claddings are parameters to be con-
trolled, in order to increase the resistance of precipi-
tates to dissolution, and thus the life-time of claddings
to long term immersion.
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