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Abstract

Dislocation density, decomposition of the b-Zr phase and diametral creep were examined as a function of the loca-
tion of the Zr–2.5Nb tube irradiated in the Wolsong Unit 1 for 9.3 effective full power years (EFPYs). The maximum a-
dislocation density occurred at the inlet part of the irradiated Zr–2.5Nb tube exposed to the lowest temperature while
the outlet part of the tube exposed to the higher temperature had the higher extent of decomposition of the b-Zr phase
and the maximum diametral creep. Thus, it is concluded that in-reactor creep of the Zr–2.5Nb tube is not related to the
dislocation density but governed by the Nb concentration of the a-Zr grains caused by thermal decomposition of the
b-Zr phase. Supplementary creep tests on the Zr–2.5Nb sheets with different Nb contents in the b-Zr phase provide
supportive evidence to this conclusion. The acceleration of the in-reactor creep of the Zr–2.5Nb tubes is suggested after
a long-term operation.
� 2005 Elsevier B.V. All rights reserved.

PACS: 61.80.Hg
1. Introduction

When Zr–2.5Nb pressure tubes are operated in reac-
tors, their microstructures evolve with neutron irradia-
tion. Thus, it is very important to understand how
their microstructures evolve with operational conditions
such as fast neutron fluences and temperatures and what
effects they have on the long-term degradation of pres-
sure tubes. By investigating the effect of the microstruc-
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tural evolution of Zr–2.5Nb tubes on corrosion,
Urbanic reported that the b-Nb particles precipitated
in the a-Zr grains is a governing factor to the lower cor-
rosion of Zr–2.5Nb tubes under neutron irradiation [1].
However, no study has been undertaken so far on the ef-
fect of microstructural evolution on the in-reactor creep
of Zr–2.5Nb tubes. Recently, Griffiths just reported that
a big scatter in the creep rates of Zr–2.5Nb pressure
tubes is largely due to variations in grain size, texture
and oxygen content [2]. Though recognizing that the
pressure tubes have their microstructures evolving dur-
ing operation in reactors [3], he did not consider its effect
on their creep and resulting scatter in the creep rates [2].
There are two factors to cause a microstructural change
in the Zr–2.5Nb tubes: one is the fast neutron fluence
(E > 1 MeV) and the other is temperature. The highest
ed.
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Fig. 1. Distribution of averaged coolant temperature and
neutron fluence (E > 1 MeV) with a distance from the inlet of
the Zr–2.5Nb tube.
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fluence corresponds to the middle part of the tube due to
a cosine shape of neutron flux while the highest
temperature to the top part of the tube [4]. Thus,
depending on the location of the tubes from the inlet
part, the tubes would have different microstructural evo-
lution and hence the creep. The objective of this study is
to investigate microstructural changes with a distance
from the inlet of the Zr–2.5Nb tube irradiated in the
Wolsong Unit 1 for 9.3 EFPYs, or effective full power
years, and their effect on the creep of the irradiated
Zr–2.5Nb tubes. The irradiated tube was subjected to
the maximum fluence of 8.9 · 1025 n/m2 at the middle
part. To indirectly evaluate the effect of microstructural
evolution on the creep of Zr–2.5Nb tubes, the creep
behavior of Zr–2.5Nb sheets was investigated with the
b-phase containing different Nb content.
2. Experimental procedures

2.1. Material

The examined Zr–2.5Nb had been operated in the M-
11 channel of the Wolsong Unit 1 for 9.3 effective full
power years [5]. A tube ring of about 170 mm long was
taken from the inlet, the middle and the outlet of the
tubes, respectively. The average temperature and neu-
tron fluence to which each tube ring had been exposed
ranged from 275.4 to 302.1 �C and from 6.84 · 1025 to
8.9 · 1025 n/m2 (E > 1 MeV) as shown in Table 1 and
Fig. 1. To simulate the microstructural evolution of
Zr–2.5Nb tubes in reactors, Zr–2.5Nb sheets were made
by four different manufacturing procedures as shown in
Table 2. The energy dispersive X-ray analyses (EDX)
were conducted on the carbon replicas with b-Zr parti-
cles extracted from the Zr–2.5Nb sheets. The Nb content
determined ranged from 49 wt% to 82 wt%. depending
on the manufacturing procedures (Table 3). Creep tests
were conducted at 623–673 K under stress of 120 MPa
on the specimens of 25 mm in gauge length, taken from
the direction parallel to the rolling direction.

2.2. Determination of dislocation density and the Nb

content in the b-Zr grains

Thin foils of 3 mm in diameter and 0.1 mm thick
were cut out of the radial–circumferential plane of the
Table 1
Operating conditions of the examined tube

Location Distance from the inlet (cm) Coolant temperature

Inlet 173–190 275.4
Middle 266–283 285.5
Outlet 456–483 302.1
irradiated tube to facilitate an analysis of c-type disloca-
tions where there is a predominance of basal planes par-
allel to the electron beam. It should be noted that the
examined Zr–2.5Nb tube has a strong circumferential
texture with a high fraction of (0001) basal planes in
the circumferential direction [6]. Thin foils were electro-
polished in a solution of 10% perchloric acid and 90%
ethanol at about �35 �C at the 20 voltages using a
Tenupol-3 twin jet apparatus. TEM analyses were
conducted using a Jeol-2000 FX (200 KeV) electron
microscope equipped with a LaB6 filament. The micro-
structural evolution such as dislocation loops and lines,
precipitates and so on was investigated with bright and
dark field imaging and selected area diffraction. Disloca-
tion density was determined by a line intercept method
where the number of the intersections between concen-
tric circles or straight lines and dislocations were
counted:

q ¼ 2N
Lt

;

where N is the number of the intersections of disloca-
tions, L is a secant circle length or line length and t is
a foil thickness. The foil thickness was determined by
measuring a change in the width of the projected grain
boundary or sub-grain boundary with tilting, ranging
from 500 to 2000 A [7].

The Nb content in the b-Zr phase was determined in
two ways: one is the selected diffraction patterns
(SADPs) on the thin foils and the other is the EDX on
(�C) Fast neutron fluence (E > 1 MeV) (·1025 n/m2)

7.66
8.91
6.84
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the carbon replicas with extracted b-Zr particles as
shown in Fig. 2. More details of the procedures to deter-
mine the Nb content in the b-Zr phase were reported
elsewhere [7].
3. Results and discussion

3.1. Dislocation density distribution along the Zr–2.5Nb

tube

Fig. 3 shows the microstructures of the irradiated Zr–
2.5Nb pressure tube at the inlet, the middle and the
outlet positions along with that of the as-fabricated
Zr–2.5Nb. Here, the as-fabricated Zr–2.5Nb tube repre-
sents the back end off-cut of the examined tube before
irradiation. The irradiated Zr–2.5Nb tube had many
shaded and elongated a-Zr grains while the as-fabricated
Zr–2.5 N tube did very clean and elongated a-Zr grains.
Higher magnification of the microstructures as shown in
Fig. 4 revealed that the shaded a-Zr grains are attributed
to a lot of small loops of a-type dislocation with a max-
imum diameter of 5 to 10 nm, which did not appear in
the as-fabricated Zr–2.5Nb tube. The results shown in
Figs. 3 and 4 qualitatively demonstrate that the neutron
irradiation yields tangled networks of small a-type dislo-
cation loops, increasing the density of a-type dislocation
but does not change the shape of a-Zr grains. Fig. 5
shows the c-type dislocations of the as-fabricated and
irradiated Zr–2.5Nb pressure tubes. They appeared as
straight lines when imaged with a 0002 diffraction vec-
tor in a prism foil. No loops of c-type dislocations were
observed. It appears that the density of c-type disloca-
tions looks very low and has many similarities between
the as-fabricated and irradiated Zr–2.5Nb tubes, and
insensitive to the location of the irradiated tube. Table
4 shows the density of a-type and c-type dislocations
which were determined respectively at the inlet, middle,
outlet locations of the irradiated Zr–2.5Nb tube and
from the as-fabricated Zr–2.5Nb tube using a line inter-
cept method. The a-type dislocation density of the irra-
diated Zr–2.5Nb tube was the highest (7.5 · 1014/m2) at
the inlet location with lower temperature of 275.4 �C
and the lowest (5.2 · 1014/m2) at the outlet location ex-
posed to higher temperature of 302 �C, both of which
were higher than the a-type dislocation density of the
as-fabricated Zr–2.5Nb tube (4.0 · 1014/m2). To the con-
trast, the density of c-type dislocations was all the same
independent of the location of the irradiated Zr–2.5Nb
tube, which was the same as that of the as-fabricated
tube as shown in Table 4. Thus, it is concluded that
the neutron irradiation with a fluence of up to 8.9 ·
1025 n/m2 (E > 1 MeV) increases a-type dislocation den-
sity very effectively at the inlet location of the Zr–2.5Nb
tube exposed to the lowest temperature during its
operation in the reactor compared with that of the



Table 3
Microchemical composition of the b-Zr phase determined by EDX on the extracted particle from the Zr–2.5Nb sheets made with four
different manufacturing processes

Process P1 P2 P3 P4

Nb content in the b-Zr phase (at.%) 49 62 82 81

Fig. 2. (a) Micrograph of the b-Zr phase extracted from Zr–
2.5Nb pressure tube by a carbon replica film and (b) the EDX
analysis of the extracted b-Zr phase.
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as-fabricated Zr–2.5Nb tube but little changes the con-
centration of c-type dislocation. This is probably due
to an easier slip of the dislocations on the prism plane
than on the basal plane when the Zr–2.5Nb tube is sub-
jected to the circumferential stress of around 150 MPa
under the neutron irradiation of 8.9 · 1025 n/m2

(E > 1 MeV).
3.2. Phase change along the Zr–2.5Nb tube

One of the main features of the irradiated Zr–2.5Nb
pressure tube is the precipitation of small needle-like
particles in the a-Zr grains as shown in Fig. 6. These
particles look like b-Nb particles appearing after either
the irradiation of neutron, proton or electron or aging
[8–11] even though they are too small to determine their
composition by the EDX. These needle-like particles ap-
peared on the irradiated Zr–2.5Nb tube independent of
the location, which could not be observed in the as-fab-
ricated tube (Fig. 6). The average size of the precipitates
ranged from 4 nm at the inlet to 4.7 nm at the outlet
(Fig. 6(c)), likely suggesting some growth of the preci-
pitates occurring at the outlet part of the tube exposed
to higher temperature (Table 4).

A phase change of the b-Zr grains was also investi-
gated on the irradiated Zr–2.5Nb tube. An X-ray micro-
analyzer was applied on the thin foils and the carbon
replicas with extracted particles to determine the Nb
content of the b-Zr grains. The surprising thing is that
the Nb content and its distribution along the irradiated
tube were not consistent between analytical methods:
X-ray diffraction patterns on thin foils or EDX on ex-
tracted particles on carbon replicas. The former showed
a concavely parabolic distribution of the Nb content
along the tube with a minimum Nb content at the mid-
dle part as shown in Fig. 7. These results seems to agree
with Griffiths� result determined using an X-ray method
from the Zr–2.5Nb tubes irradiated for 2 to 12 years at
temperatures ranging from 247 to 297 �C [3,12]. How-
ever, the latter yielded a linear increase in the Nb con-
tent of the b-Zr phase along with a distance from the
inlet of the irradiated tube as shown in Fig. 7, which is
different from Griffiths� result. Considering that the car-
bon replica specimen can yield more accurate analysis of
the Nb content in the b-Zr grains, we come to a conclu-
sion that the outlet part of the Wolsong 1 tube exposed
to a higher temperature has an increased Nb content in
the b-Zr grains due to a faster thermal decomposition of
the b-Zr phase, and the inlet part exposed to compara-
tively lower temperatures has the decreased Nb content
in the b-Zr grains below that in the as-fabricated tube



Fig. 3. Microstructures of (a) the as-fabricated Zr–2.5Nb tube, and (b) the inlet part, (c) the middle part and (d) the outlet part of the
irradiated Zr–2.5Nb tube.
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due to the neutron irradiation. In other words, the ther-
mal diffusion effect facilitates the Nb supersaturated in
the a-Zr grains to move to the b-Zr, transforming it to
the b-Nb (or leading to the decomposition of the b-Zr
phase) while the neutron irradiation effect causes the
Nb in the b-Zr grains to dissolve into the a-Zr grains
as a result of radiation enhanced dissolution [13]. Thus,
it suggests that the Nb continuously moves back and
forth between the a-Zr and the b-Zr grains depending
upon the operating conditions of the Zr–2.5Nb tubes
in the reactor: when the thermal diffusion becomes dom-
inant, the decomposition of the b-Zr grains results from
diffusion of the Nb from the a-Zr to the b-Zr but the dis-
solution of the b-Zr by neutron irradiation becomes
dominant at a lower temperature, letting the Nb move
back from the b-Zr to the a-Zr. Therefore, the enhanced
decomposition of the Wolsong 1 tube at the upper part
as shown in Fig. 7 seems to be due to the higher
operating temperatures of the Wolsong 1 tube ranging
from 264 to 306 �C compared to those of the tubes
(247–297 �C [12]) used for Griffiths� result. The decrease
of the Nb content in the b-Zr grains by neutron
irradiation was also reported by Urbanic [14]
demonstrating that the radiation enhanced dissolution
was more notable at the inlet location of the Zr–2.5Nb
tubes.

3.3. Diametral in-reactor creep of the Zr–2.5Nb tube

Fig. 8 shows the inner tube diameter measured using
CIGAR (channel inspection and gauging apparatus for
reactors) equipment along the location of the Zr–
2.5Nb after 9.3 EFPY-operation in the Wolsong Unit
1. The maximum creep corresponded to a distance of
4–5 m from the inlet part of the tube, corresponding to
where the largest extent of thermal decomposition of



Fig. 4. Enlarged microstructures of a-Zr grains in (a) the as-fabricated Zr–2.5Nb tube and (b) the inlet part, (c) the middle part and
(d) the outlet part of the irradiated Zr–2.5Nb tube.
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the b-Zr grains has occurred. It is very surprising to note
that the maximum creep does not correspond to the cen-
ter position of the tube with the maximum fluence (or
flux) as shown in Fig. 1. This explicitly indicates that
the creep of the Zr–2.5Nb tube is not governed mainly
by the neutron fluence but by something else. The in-
creased Nb content in the b-Zr grains at the upper part
of the tube as shown in Fig. 7 is accompanied by a de-
crease of the Nb concentration in the a-Zr grains due
to the thermal diffusion, which seems to be responsible
for a higher diametral creep in that region. In other
words, the Nb concentration dissolved in the a-Zr grains
determines the creep of the Zr–2.5Nb tubes due to the
solution hardening effect: the lower the Nb concentra-
tion in the a-Zr grains becomes, the higher the creep
of the irradiated Zr–2.5Nb tube. Considering the dislo-
cation density distribution along the tube as shown in
Table 4, the dislocation density likely has no effect on
the diametral creep of the Zr–2.5Nb tube. In addition
to that, the precipitation of b-Nb precipitates in the a-
Zr grains may positively contribute to the enhancement
of the creep due to a decrease of the dissolved Nb con-
centration in the a-Zr grains even though its effect is
yet to be determined.

To correlate the Nb content in the b-Zr grains and
the creep rate, the Zr–2.5Nb sheets were made with
the Nb content in the b-Zr phase varying from 49 at.%
to 82 at.% as shown in Table 2. Fig. 9 shows their micro-
structures made with four different manufacturing pro-
cedures. The Zr–2.5Nb sheet made with the procedure
P1 had elongated a-Zr grains and b-Zr grains in between
them, which is very similar to the microstructure of the



Fig. 5. c-Type dislocations observed in (a) the as-fabricated Zr–2.5Nb tube and (b) the inlet part, (c) the middle part and (d) the outlet
part of the irradiated Zr–2.5Nb tube.

Table 4
Microstructural features of the irradiated Zr–2.5Nb tube with a distance from the inlet along with those of the as-fabricated Zr–2.5Nb
tube

Materials a-Type dislocation (·1014 m�2) c-Type dislocation (·1014 m�2) b-Nb precipitates (nm)

As-fabricated Zr–2.5Nb tube 4.0 0.97 None

The irradiated Zr–2.5Nb tube
180 cm 7.5 0.8 4.1
270 cm 6.2 0.8 4.0
470 cm 5.2 0.8 4.7
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Zr–2.5Nb pressure tube, while the sheet with the proce-
dure P2 had transformed a 0-Zr grains of fine plate shape
and larger prior a-Zr plates with partly decomposed
b-Zr grains of spherical shape. These Zr–2.5Nb sheets
made with the procedures P1 and P2 simulate the micro-
structures of the Zr–2.5Nb tube before irradiation. In



Fig. 6. b-Nb particles are observed not in (a) the as-fabricated Zr–2.5Nb tube but in (b) the irradiated Zr–2.5Nb tube. (c) is an
enlarged photo of (b) showing the fine particles of a needle shape precipitated on the outlet part of the irradiated Zr–2.5Nb tube.
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contrast, the P3 and P4 provided the Zr–2.5Nb sheets
with the equilibrium microstructures of a-Zr grains
and b-Nb grains except the formation of a few large
recrystallized a-Zr grains in case of the P4. The Zr–
2.5Nb sheets with the procedures P3 and P4 simulate
the microstructures of the Zr–2.5Nb tube after a long-
term irradiation. The creep tests were conducted at tem-
peratures ranging from 350 to 400 �C under 120 MPa on
the specimen whose axes are parallel to the rolling direc-
tion of these four sheets. The creep tests continued for
up to 200 days enough to reach the steady creep rate.
As shown in Fig. 10, the Zr–2.5Nb made with the P1
and P2 had lower creep rate or higher creep strength
than the Zr–2.5Nb made with the P3 and P4. In other
words, the Zr–2.5Nb alloy containing a-Zr grains and
the b-Zr with larger Nb concentration had higher creep
rate than that of the Zr–2.5Nb containing a-Zr grains
and the b-Zr with lower Nb concentration. In short,
the creep strength of the Zr–2.5Nb sheet strongly
depends on the extent of decomposition in the b-Zr
phase accompanied by a decrease of the Nb content in
the a-Zr grains. Therefore, these supplementary results
confirm that the phase decomposition accompanied in
the Zr–2.5Nb tube contributes to enhancement of the
diametral creep of the Zr–2.5Nb tubes. Since decompo-
sition of the b-Zr phase accompanies the diffusion of Nb
away from the a-Zr grains to the b-Zr grains, a govern-
ing factor for the creep of the Zr–2.5Nb seems to be the
concentration of Nb in the a-Zr grains. In conclusion,
the higher diametral creep at the upper region of the
tube as shown in Fig. 8 must be attributed to the fast
decomposition mainly by thermal effect, not by neutron
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irradiation. Since the decomposition of the b-Zr phases
in the Zr–2.5Nb tubes would become larger with
increasing operational time in reactors, the diametral
creep rate is expected to become enhanced until the
Zr–2.5Nb reaches the equilibrium microstructures. Since
the microstructural evolution of Zr–2.5Nb tubes
changes sensitively with the operating conditions such
as coolant temperature and channel power, it seems to
significantly contribute to a big scatter in the creep rate
of Zr–2.5Nb tubes. Thus, the microstructural evolution
should be considered in modeling an in-reactor creep
of Zr–2.5Nb tubes in addition to manufacturing vari-
ables such as grains sizes, texture and oxygen content.
When the Zr–2.5Nb tubes have their microstructure
transformed fully to an equilibrium microstructure of
a-Zr and b-Nb after a long-term operation in reactors,
thus, they may have a non-linear creep rate deviating
from a linear relationship after a long-term operation.
4. Conclusion

The irradiated Zr–2.5Nb tube in the Wolsong Unit
1 for 9.3 EFPYs had microstructural evolution: a
change in the dislocation density and the Nb content
in the b-Zr grains. The larger increase in the a-type
dislocation density occurred at the inlet part of the
irradiated Zr–2.5Nb subjected to the lowest operating
temperatures. The outlet part with highest operating
temperature had the largest extent of decomposition
of the b-Zr grains accompanied by the depletion of
the Nb from the a-Zr gains due to thermal diffusion
while the inlet part had the decreased Nb content in
the b-Zr grains due to radiation enhanced dissolution.
It suggests that the Nb diffuses back and forth be-
tween the a-Zr and b-Zr grains in the Zr–2.5Nb tubes
during their operation in the reactor due to a compe-
tition between thermal diffusion by temperature and
radiation enhanced dissolution. Therefore, the higher
in-reactor creep of the Zr–2.5Nb tubes at the upper re-
gion is concluded to be attributed to the decreased Nb
content in the a-Zr grains arising from faster thermal
decomposition at the outlet location subjected to a
higher temperature, independent of the a-dislocation
density. Supplementary creep tests demonstrate that
with the lower Nb content in the a-Zr grains or with
the higher Nb content in the b-Zr grains, the larger
the creep rate of the Zr–2.5Nb sheets becomes, provid-
ing supportive evidence to the conclusion. Thus, the
microstructural evolution should be considered one
of the important variables in creating a scatter of
in-reactor creep of Zr–2.5Nb tubes and seems to con-
tribute to the acceleration of the creep of Zr–2.5Nb
tubes with time.
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