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Abstract

In order to evaluate the microstructural characteristics of irradiated fuel claddings (Zircaloy-4),
two irradiated specimens having different burnups (18 GWD/MTU and 42 GWD/MTU) were
prepared from the G23-M4 fuel rods, which were loaded in Kori Unit 1 for 4 fuel cycles. The
oxide thickness, hydride morphclogy and hardness change were characterized by an optical
microscope and a micro-hardness tester after preparing the irradiated specimens in the PIE
(Post Irradiation Examination) facilities. The dislocation loops and the amorphous
transformation of precipitates induced by the neutron irradiation in the nuclear plant were also
examined by a TEM. As the burnup increased from 18 GWD/MTU to 42 GWD/MTU, the
oxide thickness increased from 6.0um to 25.3um and the contents of hydrogen pick-up in the
Zr matrix also greatly increased. In the comparison of the hardness of the unirradiated fuel
cladding, the amount of hardness increase was nearly 9.3% and 24.2% for the irradiated
samples of 18 and 42 GWD/MTU, respectively. Both <a>-type dislocation loops and <c>-type
dislocation components were observed simultaneously in the irradiated specimens and the
densities of the dislocation was increased by increasing the burnup. The precipitates in both the
irradiated specimens were amorphously transformed by the neutron irradiation and the trend of
the amorphous transformation of the precipitates was enhanced at a higher burnup.
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1. Introduction from design to fabrication, nuclear fuel rod
assemblies and supplies them to domestic nuclear
Korea is one of the advanced countries that can power plants. Since the price of fuel cladding
design and construct nuclear power plants material is over 50% that of the nuclear fuel rod
including nuclear fuel assemblies. Especially, the assembly, it is important to characterize the
Korea Nuclear Fuel Company (KNFC}) constructs, cladding material and improve its quality in order
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to save cost and increase the safety of nuclear
power plants. The performance of new cladding
tubes developed in advanced countries is being
presented based on that of Zircaloy-4. So, it is also
important to learn how to analyze and identify the
properties of irradiated Zircaloy-4 tube to evaluate
the performance of advanced fuel cladding tubes.
Some properties of irradiated Zircaloy-4 tube have
been studied using TEM in other countries. A lot
of the study was focused on the microstructual
changes of Zircaloy-4 from its irradiation. When
Zircaloy-2 alloy was irradiated with the fluence of
1.5 x 10% n/cm? at 300°C, Buckley{1] suggested
that the vacancy loops of <c¢>-type dislocation
formed on basal planes, the interstitial loops of
<a>-type loop formed on the prism planes, and
the loops size and relative spacing of dislocation
was changed by the irradiation temperature. After
investigating the irradiation characteristics of Zr-
based alloys, D.O. Northood(2,3] reported that
they depend on the fluence. He also reported that
Zr-based alloys weren’ t damaged when they were
irradiated under the fluence of 2~3 x 10'° n/cm?
(E>1MeV) and the alloys showed black spots or
dislocation loops if they were irradiated over the
fluence. Griffiths[4-6] observed that interstitial
vacancy loops were located along a/3<1120>
near (1010). It is known that there is a close
relationship between the formation of the
dislocation loops and irradiation growth rate. That
is, the irradiation growth takes place along the
length of the fuel rod due to the crystallographic
anisotropy of the interstitial loops formed in the
cladding tube but its mechanism is not yet
identified[7,8]. Zr matrix can be damaged by the
collision of the neutron beam. The damage can
appear as the formation of dislocation loops or
precipitates. Since the second phases of Zr-based
alloys are very small, their characteristics have not
been analyzed as much recently, in detail. It was
reported that the precipitates formed in Zircaloy-2

and Zircaloy-4 alloys could be transformed into
amorphous structures after irradiation{9,10].
Zry(Ni, Fe) and Zr{Cr, Fe), precipitates were
amorphous microstructures when they have been
irradiated with the fluence of 1.0 x 10%' n/cm? at
350K. As the precipitate is becoming an
amorphous, the chemical potential of Fe in the
precipitate will be increased more than that of its
neighbor metal thus the precipitate disappears in
the end with the Fe element in the precipitate
becoming diffused into the matrix. But, compared
with the researches on the irradiated cladding
tube, much research on the un-irradiated one has
been carried out in Korea. Therefore, this research
is an attempt to analyze the irradiation
characteristics of specimens from the sound
Zircaloy-4 cladding tubes, which have been
irradiated for 4 cycles in Kori Unit 1, having a
burnup history of 18 and 42 GWD/MTU. So, the
microstructure of the specimens was analyzed
using TEM and their macroscopic structure using
the optical microscope and the hardness tester.
Hydrogen absorption of the specimens during the
corrosion reaction in the nuclear reactor was also
analyzed to evaluate the hydrogen pick-up
capability of the Zircaloy-4 cladding tube.

2. Experimental Procedure

The specimens of the Zircaloy-4 cladding tube
for this study were taken from the M4 fuel rod in
the G23 nuclear fuel rod assembly which was
burned for 4 cycles (reload core: 4,5,6,7 cycle,
burned core position: A8 — A8 — B7 — B7) in
Kori Unit 1. The average burnup of the G23
assembly was 35.5 GWD/MTU and the maximum
burnup of the M4 fuel rod was 39.352
GWD/MTU. Fig. 1 shows the intensity profile
from yscanning along the full length of the M4
fuel rod. The burnup history of the fuel rod
suggests that it has a maximum intensity at about
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Fig. 1. Gamma Spectrum of the Irradiated
Zircaloy-4 Fuel Cladding

40 GWD/MTU. To evaluate the effect of burnup
on the rod, the specimens were taken from the
two different points near the bottom section of the
rod. The analyses based on the yscanning showed
that the burnup of the two specimens was 18 and
42 GWD/MTU, respectively and the neutron
fluence was also about 3.7 x 102! and 8.0 x 10%
n/cm?, respectively. The Un-irradiated cladding
tube for Kori 1, which was manufactured in the
same batch as the irradiated one, was used as a
reference specimen for the analyses.

One specimen having a 18 GWD/MTU burnup
history and the other one having 42 GWD/MTU
were taken from the M4 fuel rod to observe the
optical microstructure and they were chemically
etched with the solution of 50% H,0-45% HNO;-5%
HF following auto-polishing using a manipulator in
the hot-cell. The optical observation was done on
the specimens with UO, fuel. The oxide thickness
on the specimens was averaged after measuring
every 90° direction from the center of the cutting
section.

The hardness of the specimens was measured
using the Micro-Vickers hardness tester. The
values were averaged after many measurements to
reduce their errors.

One 6 mm-length specimen having a 18
GWD/MTU burnup and another 6 mm-length
specimen having 42 GWD/MTU were taken from

the longitudinal direction of the M4 fuel rod to
observe the TEM microstructure. The oxide on the
exterior and interior surface of the specimens was
removed mechanically using a specially designed
tool. The thin foil having about a 70 um thickness
for TEM observation was made by twin-jet
polishing using a solution of 90% ethanol and
10% perchloric acid following chemical polishing
of the oxide-removed specimens using a solution
of 50% H,0-45% HNO;-5% HF after mechanical
thinning. During foil thinning an electric current of
about 15 voltages flowed to the twin-jet polisher
and the temperature of the solution was kept at
about -35°C. The microstructure of the thin foil
was observed using a TEM (JEOL) operated at
200 kV.

To measure the hydrogen content in the tube
before and after irradiation, 5x 5 mm? specimens
were prepared and cleaned sequentially with
CCL4, H,O and ethanol. The hydrogen content of
the specimens was analyzed at the chemical
element analysis center of KAERI in accordance
with the established procedure.

3. Results and Discussion

3.1. Characteristics of the Un-irradiated
Cladding Tube

Fig. 2 shows the TEM microstructure of the un-
irradiated stress-relieved Zircaloy-4 cladding tube
that was prepared for the reload 4 cycles of Kori
Unit 1. The tube had a lot of tangled dislocations
and grains with a high dislocation density. The
precipitates of 20 nm in size were uniformly
distributed in the cold-worked structure of the un-
irradiated cladding tube. Stacking faults, which one
could typically see in the ZrCr,-type precipitate11),
were observed on the precipitate. The precipitate
was composed of Fe and Cr and the ratio of
Fe/Cr in the precipitate was 1.8 ~ 2.0 and was
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Fig. 2. TEM Microstructures of the Unirradiated Zircaloy-4 Fuel Cladding;
(a) Bright field image (b) EDS analysis of ppt

identified as Zr(Fe, Cr), which had a C14 Laves
phase with a hep crystal structure.

3.2. Oxidation and Hydrogen Absorption of
the Irradiated Tube with Burnup

Fig. 3 shows the optical microstructure of the
cutting section of specimen 1. The oxide on the
specimen had a very uniform thickness and was
dense as well as no noticeable defects. The
thickness of oxide was in the range of 5.8 ~ 6.2um
and its average was 6.0um. Fig. 4 shows that of
specimen 2. There are more cracks in the UO,
pellet of specimen 2 than that of specimen 1. The
oxide on specimen 2 was also much thicker than
that on specimen 1 since the oxide thickness of
specimen 2 was 24 ~ 26.4um with its average of
25.6um. That is, to say, the oxide thickness of the
Zircaloy-4 cladding tube increased 4.2 times when
the burnup increased 2.3 times. The increase of
oxide thickness identified in this observation due to
the increase of burnup was about 2 times higher
than that reported recently for commercial

Zircaloy-4 cladding tube[12,13]. Fig. 5 shows the
hydride morphologies of specimens 1 and 2.
Specimen 2 shows more hydrides than specimen
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Fig. 3. Optical Microstructures of the Low
Burnup Sample (18 GWD/MTU)
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Fig. 4. Optical Microstructures of the High
Burnup Sample (42 GWD/MTU)

1 because specimen 2 had a higher burnup history
with a longer exposure to a corrosive
environment. The hydrogen content in the un-
irradiated fuel cladding was 16.2 ppm but that in
the irradiated specimen 1 was 54 ppm, and that
of the irradiated specimen 2 was 163 ppm. Fig. 6
shows that the hydrogen content in the matrix of
the cladding tube increased with the increasing
burnup level. Since hydrogen absorption is one of
main causes that can lower the mechanical
strength of cladding tube, one must consider a way
to reduce the hydrogen content in the cladding
tube to secure its sound properties. So, many
researchers have been trying to develop new
cladding tubes that have much less hydrogen
content than the Zircaloy-4 tube. One of the
recent efforts was an attempt to develop Nb-
containing Zr-based alloys for the cladding
tubel4,15).
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Fig. 5. Hydride Morphologies of the Irradiated
Cladding Samples; (a) 18 GWD/MTU (b)
42 GWD/MTU

180

160

140

T

120
100 (-
80 -

60

a0 |
20 b
0
0 18 42

Fig. 6. Hydrogen Contents in the Irradiated

Hydrogen Content (ppm)

Cladding Samples with Burnup



476 dJ. Korean Nuclear Society, Volume 35, No. 5, October 2003

3.3. Hardness Change of the Irradiated
Tube with Burnup

Fig. 7 shows the hardness variation of
specimens 1 and 2. The irradiation hardening
occurred when the burnup was increased. It was
difficult to estimate the quantitative increase of the
defects in the tube due to irradiation in accordance
with the change of burnup history but it was
confirmed that a high burnup with irradiation
caused an increase of the internal defects giving
rise to a hardness increase because the matrix
hardness of the irradiated specimen 1 increased by
9.3% and that of the irradiated specimen 2
increased by 24.2%.
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Fig. 7. Hardness Variation in the Irradiated
Cladding Samples with Burnup

3.4. Change of Dislocation in the Tube with
Burnup

Fig. 8 through 10 shows the TEM
microstructures of the irradiated specimens 1 and
2. The two pieces of the picture in Fig. 8 show
<a>-type dislocations that were induced in
specimen 1 and 2 by irradiation. It is known that
<a>-type dislocations can be developed by early
irradiation with a relative low fluence of about 1.0
x 10” n/cm? [2,3]. It is also reported that the

(b)

Fig. 8. <a>-type Dislocation Loops in the Burnup
Samples; (a) 18 GWD/MTU (b) 42
GWD/MTU

dislocations appear like black spots, and are
formed parallel in the [1120] direction of the a-Zr
with a/3<1120> Burgers vector, and their sizes
are about 8 nm(3]. The SADP in picture (a) of Fig.
8 shows the pattern of the Zr matrix located at the
position that was supposed to be <a>-type
dislocation loops[2]. It was found from the
calculation that the zone axis of the pattern was
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parallel to the (4519) plane. The angle between
the (4519) plane and (1120) plane was almost
90°. Therefore, it was confirmed that the dark
points indicated by the arrow mark are <a>-type
dislocation loops on the (1120) plane. Fig. 8 (b)
shows <a>-type dislocation lcops which were
observed on specimen 2. It can be seen from Fig.
8 that the dislocation density in specimen 2 is
higher than that in specimen 1. It is known that
the increase of <a>-type dislocation density during
early neutron irradiation contributes to the
increase of tensile stress[4,5,16,17). So, it seemed
that the hardness of the irradiated tube in the
study increased because the density of the <a>-
type dislocation loops increased. It is reported that
an applied neutron fluence over 4 x 10% n/cm?
can cause <c>-type dislocation6,18). As <c>-type
dislocation components are merely kinds of
vacancies, they can be grown by two-dimensional
Fe precipitation that occurs by a way similar to the
formation of stacking faults(19]. So, it is known
that a lot of Fe can be segregated at the <c>-type
dislocations{19]. If the neutron fluence increases,
<c>-type dislocation components move their
positions by a dislocation climb and can lead to
irradiation embrittlement. Fig. 9 shows <c>-type
dislocation components observed on specimens 1
and 2. The density of the <c>-type dislocation
components in specimen 2 was higher than that
of specimen 1 because specimen 2 had more
burnup history than specimen 1. <c>-type
dislocation components occur as a kind of line on
the (0002) basal plane of the o-Zr. <c>-type
dislocation components in the specimens were
observed in the normal direction of the (0002)
plane as shown in Fig. 9. It is known that a <c¢>-
type dislocation component has a close
relationship with the growth of the fuel rod. It is
also reported that there is a relationship between
the formation of precipitate and that of the <¢>-
type dislocation component{20,21). The formation

(o}
Fig. 9. <c>-type Disiocation Component in the
Burnup Samples; (a) 18 GWD/MTU (b) 42
GWD/MTJ

and growth of <c>-type dislocation components
can make grains contract in the <¢> direction in
the hep crystal structure and give rise to the
longitudinal growth of the fuel rod{10}. Therefore,
it is necessary to study the mechanism
systematically for the formation and growth of
<c>-type dislocation components.
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Fig. 10. TEM Image, SAD and EDS Analysis of Amorphous Precipitates in the Burnup Samples;
(a) 18 GWD/MTU (b) 42 GWD/MTU

3.5. Amorphous Transformation of Precipitate can be transformed into an amorphous phase
with Burnup when they are irradiated[9,10]. 1t is also reported
that amorphous transformation was sensitive to

It is known that the precipitates in Zircaloy-2 temperature change and heavily dependent on the
and Zircaloy-4 cladding tubes for nuclear fuel rods neutron flux[22,23]. If precipitates get into an
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amorphous transformation, the Fe content in the
precipitates can be sharply reduced and the
amorphous transformation can be progressed in a
linear proportion to the neutron fluence[24]. The
fuel rod burnup of 5~15 MWD/MTU (equivalent
to about 1~4 x 10% n/cm? was able to create
the precipitates under 20 nm in the cladding
dissolve and those over 20 nm get into an
amorphous transformation due to neutron
irradiation. Amorphous transformation in the M4
fuel rod also occurred as shown in Fig. 10 (a) and
(b). The size of precipitates with the kind of
amorphous phase was over 100 nm. It was found
that the size and observation frequency of the
precipitates had a tendency to be reduced with a
burnup increase. It might be that the relatively
small precipitates had already been dissolved due
to the greater progress of the amorphous
transformation. It was also found that the
amorphous transformation of the precipitates had
have been further progressed since almost all the
precipitates in the amorphous transformation
showed the ring-type diffraction pattern. The
amorphous transformation behavior is thought to
be an incoherent phenomenon within the crystal
structure of the precipitate because the diffusion of
Zr and Cr in the precipitate into the matrix is slow
while that of Fe is fast due to irradiation[19]. It is
known from the EDS analysis that the Fe content
in the precipitate was much reduced with the SAD
pattern being round indicating an amorphous
structure as shown in Fig. 10 (a). The
recrystallization of the matrix was observed near
the area where the precipitate in specimen 2 was
transformed into the amorphous structure. The
matrix would have been recrystallized because the
Fe element in a precipitate might be diffused
around the precipitate by irradiation[24,25]. The
content of Fe and Cr in the precipitate, which was
beginning the amorphous transformation, was
analyzed the applying the EDS method. The ratio

of Fe/Cr was calculated to be a very low value
0.10 ~ 0.17. So, it was found that the drastic
reduction of Fe content in the amorphous
precipitate had a close relationship with Fe
diffusion.

3.6. Future Plan

Up to now, the microstructural characteristics of
the nuclear fuel cladding which has been used or
prepared for the Kori Unit 1 nuclear power plant
has been evaluated. The evaluation has been done
in nuclear industries in advanced counties but was
first tried successfully with this study in Korea. So,
the physical properties and integrity of the
irradiated fuel cladding could be evaluated in the
future in Korea as well as the causes and effects of
problems regarding irradiated fuel cladding could
also be identified. Therefore, the next study in
Korea of irradiated fuel cladding could be focused
on identifying what makes in-pile oxidation

accelerate.
4. Conclusions

1) When the burnup of the fuel rod M4 in the fuel
rod assembly G23 for the Kori Unit 1 nuclear
power plant increased from 18 to 42
GWD/MTU, the oxide thickness of the
irradiated fuel cladding increased from 6.0(m to
25.3um with a rapid increase of hydrogen pick-
up.

2) The hardness of the fuel cladding (specimen 1)
having a 18 GWD/MTU burnup history
increased by about 9.3% from that of the
cladding having no burnup history as well as
that, the hardness of the fuel cladding
(specimen 2) having a 42 GWD/MTU burnup
history increased by about 24.2%.

3) Both <a>-type dislocation loops and <c>-type
dislocation components were observed on the
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specimens 1 and 2 which had been irradiated.
The density of dislocation loops increased by
increasing the fuel rod burnup.

4) The amorphous transformation of the
precipitate was observed on the irradiated
specimens and its tendency for transformation
increased with increased burnup. It seems that
the transformation occurred because the Fe
element in the precipitate had diffused fast. The
ratio of Fe/Cr in the amorphous precipitate was
reduced to 0.10 ~ 0.17 and the matrix near the

precipitate was recrystallized.
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