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Abstract

Plastic deformation in irradiated zirconium alloys occurs in a very heterogeneous manner at the grain scale by the
clearing up of radiation-induced prismatic loops by gliding dislocations and the channeling of these dislocations inside
narrow bands of the grain. A statistical TEM investigation of this mechanism has been performed on neutron irradiated
recrystallized Zr alloys tested at 350 °C. Due to the strong anisotropy of plastic deformation, different loading con-
ditions have been investigated. It is shown that for transverse tensile tests and closed end burst tests, only basal channels
are observed, whereas for axial tensile tests, prismatic and pyramidal channels are observed. This phenomenon can be
understood in terms of texture and interactions between dislocations and irradiation induced loops. From Schmid
factor calculations, we have also been able to prove that irradiation leads to a higher increase of critical resolved shear

stresses for prismatic and pyramidal slip systems than for basal slip system.

© 2004 Elsevier B.V. All rights reserved.

PACS: 61.80.Hg; 61.16.Bg; 62.20.Fe

1. Introduction

Zirconium alloys cladding tubes containing the fuel of
pressurized water reactors (PWR) nuclear power plants
constitute the first barrier against the dissemination of
radioactive elements. In order to improve the material and
guaranty the cladding integrity even for severe in-service
conditions, such as rapid power transients and during
storage end of life conditions, it is necessary to develop
a predictive modeling of the mechanical behavior of
irradiated zirconium alloys. Lately a so-called micro-
mechanical modeling, based on homogenization theory
and deformation mechanisms, has been developed [1,2]
for the non-irradiated material. This type of approach has
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proved to be very successful to predict the mechanical
behavior of the non-irradiated material with different
textures, different chemical compositions and for different
loading paths. In order to extend this type of approach to
irradiated zirconium alloys, it is necessary to identify and
understand, by means of an appropriate experimental
approach, the key physical parameters and mechanisms
that must be taken into account in the model.

It is known that from a macroscopic point of view,
neutron irradiation leads to a significant increase in
strength and a strong reduction in uniform elongation
with an associated highly localized necking. From a
microscopic point of view, it has been clearly established
by an international round-robin study [3] that in zirco-
nium alloys, radiation damage at low fluences
(¢, < 3 x 10% n/m? according to [4]) consists mainly in
the formation of (a) type prismatic loops in prismatic
habit planes. The increase in strength observed in
different irradiated materials is usually attributed to the
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presence of the high density of small irradiation induced
loops as reviewed by Bement [5] and Hirsch [6]. Indeed,
according to Foreman [7], point defect clusters can act as
obstacles against the glide of dislocations mainly because
of contact interactions between loops and dislocations.
Nevertheless these obstacles can be overcome by dislo-
cations when a sufficient stress is applied, the loops being
subsequently annihilated or dragged by dislocations
following different possible mechanisms. This process of
removal of irradiation loops by moving dislocations
produces a cleared zone free of defects inside the grain.
These obstacle-free channels or swaths will therefore
constitute preferred areas for further dislocation gliding,
leading to plastic strain localization at the grain scale
with regions of very high local plastic strain surrounded
by regions of almost zero plastic strain. This process,
called dislocation channeling, has been observed in many
different irradiated materials as reviewed by Wechsler [8].
In the case of zirconium alloys, several authors have re-
ported defect free channels [9-14], however there is yet no
agreement on the activated slip systems in irradiated
zirconium alloys especially for various loading paths.

This paper describes TEM investigations of disloca-
tion channeling in recrystallized zirconium alloys by
means of a statistical method, considering different
loading paths. Thin foils taken from specimens de-
formed in transverse tensile tests, closed end burst tests
and axial tensile tests at 350 °C have been investigated.
The results are interpreted in terms of texture and crit-
ical resolved shear stresses (CRSS). Special interest has
been taken on the link between Schmid factors and the
occurrence of channeling. These calculations lead to
estimate the CRSS of the different slip systems. The
hardening mechanisms as well as the loop annihilation
mechanisms are discussed. The evolution of the volume
fraction of basal channels with plastic strain is also
estimated and the volume fraction of basal channels for
each grain is correlated to the grain orientation.

2. Materials and experimental procedure
2.1. Materials
Mechanical tests and TEM investigations have been

performed on five different specimens, A, B, C, D and E,
taken from three different fully recrystallized zirconium

alloys: ‘high Sn’ Zy-4, ‘low Sn’ Zy-4 and a Zr—1%Nb-O
alloy. The chemical weight composition of the three zir-
conium alloys used in this study are given in the Table 1.

The A and B tensile specimens have been taken in the
transverse direction from two different recrystallized Zy-
4 cold rolled sheets with the same chemical composition.
The A specimen has been taken in a 1 mm thick sheet
in the plane TD-LD whereas the B specimen has been
taken in a 10 mm thick sheet in the plane TD-ND. In
the case of the thick sheet (B specimen), the mean grain
size was larger than in the other studied materials, typ-
ically 25 pum instead of 8 pum for usual recrystallized
materials. In both cases the sheet textures are typical of
rolled plates as determined by standard X-ray diffrac-
tion technique. The {00.2} and {1 0.0} pole figures of the
thin sheet (A specimen) are given in Fig. 1(a) and (b). The
A and B specimen gauges are 12.5 mm long and 2.5 mm
wide. The specimens have been irradiated in the experi-
mental reactor Siloé (CEA-Grenoble) to a neutron flu-
ence of 0.6x10% n/m? (E > 1 MeV) at a temperature of
280 °C.

The C and E specimens have been taken from a Zr—
1%NDb-O cladding which is a first experimental grade
MS referred as M5-0 in [15]. Its microstructure is char-
acterized by alignments of precipitates crossing the re-
crystallized grains parallel to the cold-rolling direction,
and composed with fine -Nb (40 nm) and some coarser
B-Zr particles. The texture is typical of a fully recrys-
tallized cladding texture as represented in Fig. 1(e) and
(f). The Zr-1%Nb-O cladding has been irradiated in
PWR to a neutron fluence of 12x 10* n/m? (E > 1 MeV)
at a temperature of 350 °C. After irradiation, a 120 mm
long section (C specimen) has been taken from the
cladding and sealed at one end by means of a cold-
crimped Swagelock and linked to a high pressure system
at the other end in order to perform a closed end burst
test. Another 60 mm long section (E specimen) has been
taken from the cladding and machined in order to make
a twin axial tensile specimen as shown in Fig. 2(c).

The D specimen is a section of a Zy-4 cladding. The
texture is also typical of a fully recrystallized cladding as
represented in Fig. 1(c) and (d). A 90 mm section of the
cladding has been sealed and irradiated in the experi-
mental reactor Osiris (CEA-Saclay) at 350 °C, to a flu-
ence of 0.4 x 10 n/m? (E > 1 MeV). Then this specimen
has been linked with a high pressure system at one end in
order to perform a closed end bulge test which consists

Table 1

Chemical composition of the alloys (wt%)
Specimen Alloy Sn Fe Cr Nb (6] Zr
A, B Zy-4 1.40 0.20 0.105 - 0.125 Bal.
D Zy-4 1.30 0.210 0.10 - 0.125 Bal.
C E Zr-1%Nb-O0 - 0.02 - 1.0 0.125 Bal.
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Fig. 1. (a) {00.2} pole figure for the recrystallized Zy-4 cold
rolled thin sheet. (b) {10.0} pole figure for the recrystallized Zy-
4 cold rolled thin sheet (A specimen). (c) {00.2} pole figure for
the recrystallized Zy-4 cladding (D specimen). (d) {10.0} pole
figure for the recrystallized Zy-4 cladding (D specimen). (e)
{00.2} pole figure for the recrystallized Zr—1%Nb-O cladding
(C and E specimens). (f) {10.0} pole figure for the recrystallized
Zr-1%Nb-O cladding (C and E specimens).

of a closed end burst test interrupted before uniform
elongation. The characteristic of the materials and
irradiation conditions are reported in Table 2.

2.2. Mechanical testing

On the A and B specimens transverse tensile tests
have been performed at 350 °C with strain rate of
1.6x107* s7!. In the case of the A specimen, the test has
been interrupted before uniform elongation at a plastic
strain of 0.4%. The specimen did not exhibit any shear

Table 2
Material and irradiation conditions of the specimens

bands or necking at the macroscopic scale. In the case of
the B specimen, the test has been conducted until failure.
On these two specimens, no dimensional measurements
have been performed after testing.

On the C specimen a closed end burst test at a tem-
perature of 350 °C and strain rate of 3x10~* s~! has
been performed. A picture of the specimen after burst is
reported in Fig. 2(a).

On the D specimen, a bulge test has been performed
at 350 °C with strain rate of 3x10* s~!. The test has
been interrupted at a circumferential plastic strain of
Eb, =0.2%. A picture of the specimen after testing is
reported in Fig. 2(b).

In the case of the C and D specimens (closed end
burst and bulge tests specimens), it has been possible to
perform very accurate dimensional measurements via a
laser imaging technique. This technique allows to mea-
sure the profile of the external diameter of the cladding
after internal pressure tests with an accuracy of 2 um.

On the E specimen, an axial tensile test has been
performed. The temperature was also 350 °C and the
strain rate was 3x 10~* s~!. The test has been conducted
until failure of the specimen. A picture of the specimen
after failure is reported in Fig. 2(c). The plastic strain is
not known accurately in this case. We therefore assume
that the plastic strain far from the necking zone is close
to the uniform elongation measured on the stress—strain
curve which is 1.6%. The conditions of the five
mechanical tests are recalled in the Table 3.

- C
(a) 10_mm
N ——
10 mm
(b) —
E
5 mm
(c)

Fig. 2. C, D and E specimen after testing.

Specimen Material Reactor Fluence (n/m?) Irradiation temperature (°C)
A, B Zy-4 sheet Siloé 0.6x10% 280
D Zy-4 cladding Osiris 0.4x10% 350
C, E Zr-1%Nb-O cladding PWR 12x10% 350
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Table 3
Test conditions

Specimen  Mechanical ~ Test temperature  Strain rate
test (°C) ()

A, B Transverse 350 1.6x10~*
tensile test

C Closed end 350 3x 1074
burst test

D Closed end 350 3x107*
bulge test

E Axial tensile 350 3x1074
test

For the transverse and axial tensile tests, force and
displacement were recorded. Conventional strain and
stress were calculated from classical formula. For the
closed end burst test, the internal pressure and the
mean external diameter displacement were recorded.
From this, the hoop stress Xy and the circumferential
strain Eypy were calculated with the usual thin wall
approximation (see for instance [16]). It has to be
underlined that this mechanical test leads to a biaxial
stress state with X, = X4/2. From the stress—strain
curve, we have determined conventional data such as
the flow stress at 0.2% plastic strain. Furthermore, in
order to have a better estimate of the true yield stress,
we have decided to measure the flow stress at
0.005+0.001%. This measurement requires a good
sensitivity of the extensometer and the optimization of
the sampling frequency.

2.3. Transmission electron microscopy method (TEM)

All the thin foils were prepared in hot labs using the
procedure described by Gilbon [17]. In order to relate
the slip system activation to the loading conditions, a
notch corresponding to the transverse direction in the
case of A and B specimens and to the axial direction of
the cladding in the case of C, D and E specimens has
been systematically left on the thin foils and orientated
parallel to the principal tilt axis of the sample holder.
The TEM examinations were conducted on a Philips
EM430 microscope operated at 300 kV, allowing the
investigation of thick areas. Moreover, the double-tilt
sample holder used in this study also permits the
investigation of a relatively large angle domain (+45°,
+30°) (the first angle corresponding to the rotation
about the primary tilt axis and the second angle to the
secondary tilt axis). The microstructure was studied by
the conventional electron diffraction and imaging tech-
niques. For each thin foil, we have investigated all the
grains in arbitrary areas and we have determined the
orientation of all the grains in this area by means of zone
axis diffraction pattern indexing, leading to the drawing
of the stereographic projection for each grain.

The dislocation channeling mechanism was investi-
gated by observing the occurrence of the channels on the
studied grain for the whole tilt angle domain, and by the
determination of the channeling slip system. We also
characterized the number of channels per grain and the
channel width, leading to an estimate of the volume
fraction of channels per grain.

In order to identify the channeling slip system we
systematically analyzed the traces of the channels on the
stereographic projection. In addition to that, the tilt
conditions for the maximum contrast between channels
and surrounding material, were recorded. These condi-
tions correspond to the situation where the channeling
plane contains the electron beam. These two comple-
mentary methods allow to determine the channeling slip
system without ambiguity especially in the case of basal
channeling. However, despite this method, few grains
could contain basal channels which can not be observed,
because the basal plane could not be tilted close to the
electron beam considering the limitations of the double
tilt sample holder, especially in the case of the A, C and
D specimens. Nevertheless, in the case of the B speci-
men, basal channels are in very good imaging conditions
for (0°,0°) tilt angles, considering the strong texture of
the material. Therefore this specimen allows to confirm
the results obtained from the other specimens.

3. Results
3.1. Mechanical properties and dimensional measurements

The flow stresses at 0.005% and 0.2% plastic strain
for the five tests are reported in Table 4 and compared to
the values obtained for non-irradiated materials. In the
case of transverse tensile tests, no data was available in
order to estimate the flow stress at 0.005% plastic strain.
In the case of axial tensile tests, non-irradiated Zy-4 is
compared to irradiated Zr-1%Nb-O.

The measurements of the profile of the external
diameter of the C and D specimen, obtained by the laser
imaging technique have proved that the specimens have
deformed homogeneously in a large part of the gauge, as
shown in Fig. 3 for the D specimen. The measured
plastic deformation by the laser imaging technique in the
homogeneously deformed zone of the gauge is 0.5% for
the C specimen and 0.2% for the D specimen, which
corresponds in the two cases to the plastic deformation
measured on the stress—strain curves. Indeed, since ex-
tensometers are placed in the center of the gauge of the
specimen and since in the two cases, the burst or the
bulge did not appear in the center of the specimen gauge
but close to the extremity of the specimen, the defor-
mation measured by the extensometer corresponds to
deformation in the homogeneously deformed zone.
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Table 4
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Flow stress for 0.005% and 0.2% of plastic strain for different materials and test conditions (irradiated materials compared to non-

irradiated materials)

Test Mechanical test Material Zo.005% (MPa) o2 (MPa)
Transverse tensile test Non-irradiated Zy-4 - 150
A, irradiated Zy-4 - 420
B, irradiated Zy-4 - 394
Closed end burst test Non-irradiated Zr-1%Nb-O 150 210
C, irradiated Zr-1%Nb-O 280 575
Closed end bulge test Non-irradiated Zy-4 150 200
D, irradiated Zy-4 270 540
Axial tensile test Non-irradiated Zy-4 100 140
E, irradiated Zr-1%Nb-O 350 440
9.70 —
------- D specimen before testing
T 965+ ——D specimen after testing
£
§ 9.60 |
o
E Homogeneously deformed zone
oS 955+
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Fig. 3. Mean external diameter profile of the D specimen.

3.2. Transmission electron microscopy investigations

The as-irradiated microstructures of the five speci-
mens used in this study are, at first order, very similar.
Indeed, the main effect of irradiation, for all specimens,
is the creation of a high density of point defect clusters,
made of interstitials and vacancies, in the form of pris-
matic loops with (a) type Burgers vector in prismatic
habit planes (between {11.0} and {10.0}) according to
Northwood [3]. The density of (a) loops is very high and
similar for the five specimens. According to [18], for this
irradiation temperature, the density saturation should be
reached for these different neutron fluences.

The highly irradiated specimen (C and E) also
showed evidence of (c) type loops which start to appear,
according to [4], after neutron irradiation to around
3x10% n/m? at this temperature.

3.2.1. Transverse tensile test specimens

The TEM observations of the thin foil taken in the
gauge length of the A specimen, deformed in the trans-
verse direction and interrupted before uniform elonga-
tion (EP = 0.4%), showed a large number of defect free
channels. In this thin foil, 52 grains have been studied in
different arbitrary areas. We have determined, by using
the trace analysis method and the contrast criterion that
21 grains over 52 grains contained basal channels as
shown in Fig. 4(a). The two stereographic projections
shown in Fig. 4(b) and (c) illustrate respectively the
orientation of the grain for (0°,0°) tilt angle, and the
orientation of the grain corresponding to the picture in
Fig. 4(a). Since for these good imaging conditions the
basal plane contains the electron beam and the trace of
the basal plane corresponds to the trace of the channels,
the channeling plane is therefore the basal plane. No
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Fig. 4. (a) Basal channels observed in the A specimen, (b) stereographic projection of the studied grain corresponding to (0°,0°) tilt
angles, (c) stereographic projection of the studied grain after a (—20°, —30°) tilt corresponding to the orientation for the picture.

other type of channel has been observed. The number of
channels per grain and the approximate width of the
channels have also been investigated. These data are
reported for each specimen in Table 5.

For the B specimen, machined in the thickness of the
sheet (TD-ND plane), two thin foils have been taken in
the gauge of the specimen far from the necking zone.
According to the stress—strain plot, the recorded uni-
form elongation is 0.36%. The two thin foils exhibit a
large number of defect free channels as in the A speci-
men. [t has been determined that 17 grains exhibit basal
channels over 29 studied grains. No prismatic nor
pyramidal channel has been observed. Due to the strong
texture of the material, this type of specimen is very
convenient in order to investigate basal channeling. In-
deed, since the specimen has been taken in the TD-ND
plane, the (c) axis of the majority of the grains are
contained in the plane of thin foils taken in this speci-
men. Therefore, the basal channels are usually in good
imaging conditions for (0°,0°) tilt angles. As a conse-
quence, in this case, there is less experimental limitation,
as mentioned above, for the investigation of basal
channels. An important feature which cannot be ob-
served in the other types of thin foils taken in the other
specimens is the occurrence of channels propagation to
surrounding grains. For 11 grains over 17 grains with
basal channels it has been shown that the channels are

linked with channels in next grains whereas in all the
other specimens (A, C and D) this feature only appeared
for 2 grains over 64 grains with basal channels. A picture
showing basal channels propagation observed in the B
specimen is reported in Fig. 5(a). The two stereographic
projections shown in Fig. 5(b) and (c) correspond to the
right grain in Fig. 5(a). As illustrated by the stereo-
graphic projection shown in Fig. 5(c), the channels are in
good imaging conditions when the basal plane contain
the electron beam, in addition the channel traces cor-
respond to the basal plane, this implies that the chan-
neling plane is the basal plane.

These observations are in agreement with the obser-
vations performed by Fregonese [13] and Régnard [14]
who have mainly observed basal channeling in the same
type of specimen. However, this study seems to be in
disagreement with the observations performed by Ad-
amson [12] for the same type of specimen (same irradi-
ation and test conditions). Indeed, for a recrystallized
Zy-2 with 1400 ppm of oxygen, Adamson only observed
prismatic and pyramidal channels. These discrepancies
have not yet been understood.

3.2.2. Closed end burst and bulge tests specimen

For the C specimen, two thin foils have been taken
in the homogeneously plastically deformed zone (EP =
0.5%) as measured by the laser imaging technique. In

Table 5
Results of the TEM observations of the different specimens
Specimen EP (%) Studied Grains with Channeling Mean number Mean width Maximum
grains channels plane of channels (nm) width (nm)
A 0.4 52 21 B 3%1 60£10 100
B 0.36 29 17 B S5*1 8040 100
C 0.5 47 28 B 4+1 40%20 100
D 0.2 33 15 B 3+1 4020 80
E 1.6 41 20 P and 5%1 40%20 50
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Fig. 5. (a) Propagating basal channels observed in the B specimen, (b) stereographic projection of the right grain on the picture for
(0°,0°) tilt angles, (c) stereographic projection of the right grain after a (30°,0°) tilt corresponding to the orientation for the picture.

each of these thin foils we have observed a large number
of channels. The two thin foils showed the same as-de-
formed microstructure. It has been determined that 28
grains over 47 contained channels and all the channels
were identified as basal channels as shown in Fig. 6.

For the D specimen three thin foils have been taken
from the homogeneous deformation zone with 0.2%
plastic strain. On overall, we have studied 33 grains. It
has been determined that 15 grains over these 33 grains
exhibit basal channels as shown in Fig. 7. No other type
of channel was observed.

These results are in agreement with the observations
performed by Pettersson [11] who also observed basal
channeling for closed end burst tests at 290 °C.

3.2.3. Axial tensile test specimen

Two thin foils have been taken in the gauge length of
the E specimen far enough from the necking zone. On
these two thin foils, many grains containing prismatic

Secondary
tilt axis

and pyramidal channels have been observed. We have
determined that 20 over 41 studied grains contain pris-
matic and pyramidal channels. No basal channel has
been observed. As opposed to basal channels, prismatic
and pyramidal channels do not seem to be fully cleared
from defects and are therefore delicate to visualize. In
addition to that, since the prismatic and pyramidal
planes are close together, the identification of the
channeling plane has been rather difficult. However, we
have been able, in most cases, to distinguish between
prismatic and pyramidal channels. It has been estimated
that 14 grains contain prismatic channels, as shown in
Fig. 8, and 4 grains contain pyramidal channels over 41
studied grains. In two cases we have not been able to
distinguish between the two slip systems. The stereo-
graphic projections shown in Fig. 8(b) and (c) show that
the channels are in good imaging conditions when the
prismatic plane contains the electron beam which proves
that the channeling plane is the prismatic plane. The

(a) (b)

Principal
tilt axis

(0°, 0% (20°, 21°)

(c)

Fig. 6. (a) Basal channels observed in the C specimen, (b) stereographic projection of the grain for (0°,0°) tilt angles, (c) stereographic
projection of the grain after a (20°,21°) tilt corresponding to the orientation for the picture.
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Fig. 7. (a) Basal channels observed in the D specimen, (b) stereographic projection of the grain for (0°,0°) tilt angles, (c) stereographic
projection of the grain after a (—30°,—31°) tilt corresponding to the orientation for the picture.
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Fig. 8. (a) Prismatic channels observed in the E specimen, (b) stereographic projection of the grain for (0°,0°) tilt angles, (c) ste-
reographic projection of the grain after a (5°,—11°) tilt corresponding to the orientation for the picture.

TEM results for all the different specimens are recalled
in the Table 5.

4. Discussion

The interpretation of the results obtained above will
be divided in three parts. In a first part, the dimensional
measurements and the TEM investigation results will be
qualitatively discussed providing a coherent under-
standing of the plastic deformation in irradiated Zr al-
loys from the macroscopic and the microscopic point of
views. In a second part, the calculation of the maximum
Schmid factors of the different slip systems for all the
studied grains will be presented and discussed. This
analysis will lead to an estimation of the critical resolved
shear stress (CRSS) of the different slip systems. These
values will be interpreted in terms of junction reactions
between dislocations and loops. Then in a third part, the

TEM results for the four specimens A, B, C and D are
analyzed in terms of the volume fraction of basal
channels leading to an estimate of the evolution of the
volume fraction of basal channels with the plastic strain
and to a correlation between the volume fraction of
basal channels and the orientation of the grains.

4.1. Discussion on dimensional measurements and TEM
results

The results of the accurate dimensional measure-
ments performed on closed end bulge test specimen (Fig.
3) have shown that the circumferential plastic strain is
homogeneous for the different generating lines of the
cladding in one part of the specimen. This indicates that
the specimen is able to deform homogeneously before
reaching the maximum stress. This result is important
because it has been previously discussed by Williams and
Adamson [19] that the plastic deformation is probably
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localized at the very beginning of the plastic flow.
However, the classical dimensional measurement meth-
od used by Williams and Adamson could possibly miss
very small plastic deformations typically less than
EP = 0.5%. Our accurate dimensional measurements
prove that a small homogeneous plastic deformation
occurs before the early plastic strain localization at the
specimen scale, as shear bands on tensile test specimens
or as important bulging on closed end bulge test speci-
mens. Moreover, since basal channels have been ob-
served in the thin foils taken in the homogeneous
deformation zone, it is proved that the deformation is
homogeneous at the macroscopic scale although at the
grain scale the deformation is localized inside the chan-
nels. The fact that, even for the interrupted test, the
specimen shows some bulging could be attributed to a
temperature gradient or to pre-straining due to the
crimping of the Swagelocks and more generally to the
high propensity of the material to localize the plastic
deformation due to very small strain hardening ability.
It has also to be pointed out that although some bulging
can occur in one part of the specimen, the stress—strain
behavior measured at the position of the extensometer
still corresponds to the intrinsic behavior of the material
at this position because the applied pressure is the same
in all the specimen.

The measured mechanical properties indicated in
Table 4 are in agreement with usual reported values.
Indeed, for all loading conditions, a significant increase
in strength due to irradiation is observed. The increase
in yield stress due to irradiation at 5x 107> plastic
strain corresponds to the increase in yield stress due to
the high density of radiation induced loops that must
be overcome and annealed in order to produce a
macroscopic plastic deformation. The increase in yield
stress at 0.2% is in agreement with conventional re-
ported data [20-22].

The TEM observations of the A, B, C and D speci-
men lead to the conclusion that at 350 °C, in transverse
tensile tests and closed end burst or bulge tests, and for
plastic strains up to uniform elongation, only basal
channeling occurs. This result has to be compared with
the deformation mechanisms in non-irradiated material.
Indeed, it has been established, as reviewed by Douglass
[23] and Tenckhoff [24], that for low plastic strains,
plastic deformation occurs essentially by (a) dislocations
glide in prismatic planes for axial and even transverse or
closed end pressure loadings. This is due to the fact that
the CRSS of the prismatic slip system is lower than that
of the other slip systems. The important change in slip
system activation with irradiation can be attributed to a
modification in the hierarchy of the CRSS. This can be
explained by the difference in the interactions between
loops and dislocations which implies that dislocation
channeling is easier in the basal plane than in the pris-
matic plane as it will be discussed later.

However, we have seen that for axial tensile tests,
prismatic and pyramidal channeling occur. This is due to
the fact that since the material is characterized by a
strong texture with (c) axis tilted about 30° around the
normal (or radial) direction in the TD-ND plane (r—0
plane), a large majority of the grains will present a very
low resolved shear stress on the basal plane for axial
tensile tests. Therefore, in order to accommodate plastic
deformation, other slip systems, such as prismatic or
pyramidal, must be activated in axial tensile loading
conditions. This is in agreement with TEM investiga-
tions of thin foils taken in the E specimen.

The 3D structure of the basal channels has also been
investigated thanks to the thin foils taken in the B
specimen. Indeed, in the B specimen, propagation of
channels from grain to grain has been observed for 11
grains over 17 with basal channels, whereas in all other
specimens (A, C and D) this feature has only been ob-
served for 2 grains over 64 with basal channels. This can
be explained by the fact that the propagation of chan-
nels from grain to grain occurs in the shearing direction.
In this case, since the material exhibits a strong texture
({c) axis in the ND-TD or r—0 plane), for closed end
pressure test and transverse tensile test, the best orien-
tation for the shearing direction is contained in the ND—
TD plane (or »—6 plane) and tilted at 45° to the normal
direction. Therefore, in order to observe channel prop-
agation, it is necessary to take the thin foil in the ND—
TD plane, as proved by TEM investigations of the B
specimen. On the contrary, if the thin foil is taken in the
TD-LD plane (or z—0 plane), as in the case of A, C and
D specimens, the propagation of channels will be seldom
observed in agreement with the TEM observations. The
propagation of channels in surrounding grains is due to
the high stress concentration on grain boundaries due
to the strong plastic strain localization in the channel. If
the surrounding grains are well orientated for basal
channeling, they can accommodate the stress concen-
tration by developing basal channeling at the position of
the stress concentration which lead to channel propa-
gation. Thus the propagation of channels should be
enhanced by the strong texture of the material since
many grains have the same orientation.

4.2. Schmid factor analysis

In order to compare quantitatively the change in
CRSS induced by irradiation, we have computed the
Schmid factor for the different slip systems of all the
grains for the different loading conditions. For uniaxial
tensile test the Schmid factor is classically defined as (1):

T
F==2 1
> M)

However, in order to generalize the concept of Schmid
factor for biaxial loading, we define the Schmid factor as
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the resolved shear stress divided by twice the maximum
shear stress associated with the biaxial stress state. In the
case of closed end burst test with the thin wall approx-
imation, the Schmid factor on the s slip system is then
defined as (2):

Ts
F = . 2
0 (2)
The resolved shear stress is computed as (3):
=2 A, (3)

where p, is the orientation tensor for the slip system s
defined by the normal of the slip plane ny and by the
glide direction /. The orientation tensor can be written
in (4):

1
==, @n;+n,®1).

; )

H

Since for transverse tensile tests and closed end burst
tests, only basal channels are observed, we have com-
puted the maximum Schmid factor for the basal slip
system, assuming that the channeling basal system cor-
responds to the maximum basal Schmid factor since
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Burgers vector analysis for gliding dislocations is not
possible. In fact several basal slip systems can be acti-
vated (two independent slip systems in the basal plane)
and contribute to the creation of the channel, however
only the best orientated system is considered here. Three
different categories of grains have been distinguished: (1)
grains containing basal channels, (2) grains without
channel but with an orientation convenient for tilting so
that the basal plane can contain the electron beam and
(3) grains without visible channel, i.e. with an orienta-
tion unfavorable to tilt the basal plane so that it can
contain the electron beam. The number of grains in
these three categories is represented as a function of the
Schmid factor in the histograms for the four different
specimens (A, B, C, D) in Fig. 9(a)—(d) respectively. We
have also computed the maximum prismatic Schmid
factor for all the grains in the case of the four specimens
(A, B, C, D), in order to compare it with the basal
Schmid factor. The number of grains without prismatic
channel (category (4)) is represented as a function of the
maximum prismatic Schmid factor as histograms in Fig.
10(a)—(d) respectively. In the case of axial tensile tests (E
specimen), the number of grains without basal channel
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Fig. 9. Number of grains vs maximum basal Schmid factor observed in the A, B, C and D specimen ((1) grains with basal channels, (2)
grains without basal channel, basal plane reachable, (3) grains without basal channel, basal plane unreachable). (a) A specimen, (b) B

specimen, (c) C specimen, (d) D specimen.
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Fig. 10. Number of grains vs maximum prismatic Schmid factor observed in the A, B, C and D specimen ((4) grains without prismatic
channel). (a) A specimen, (b) B specimen, (c) C specimen, (d) D specimen.

as a function of the maximum basal Schmid factor has
been plotted Fig. 11(a) (category (5)). However, in the
case of prismatic and pyramidal channels, the activated
slip system does not often correspond to the maximum
Schmid factor. This observation is surprising and does
not seem to be linked with experimental artifacts. Spe-
cial interaction mechanism between loops and disloca-
tion in prismatic and pyramidal plane might explain this
peculiar phenomenon. Due to this difficulty, we have
chosen to plot only the number of grains containing
prismatic (category (6)) and pyramidal (category (7))
channels vs the Schmid factors corresponding to the
channeling plane in Fig. 11(b).

From the basal Schmid factors analysis, one can see a
strong correlation between high basal Schmid factor and
the occurrence of basal channeling. This confirms that
channeling is linked to dislocations slip. However, the
prismatic Schmid factor analysis shows that even for the
grains well oriented for prismatic glide (high prismatic
Schmid factor) no prismatic channels have been ob-
served. Indeed, it has been shown that for transverse
tensile tests, grains with basal Schmid factors of Fg = 0.5
exhibit basal channels whereas grains with prismatic
Schmid factor Fp = 0.5 do not exhibit any prismatic

channels. This readily proves that the basal CRSS is
lower than the prismatic, and pyramidal, CRSS (t3 < 1p
and 1 < 1,). It also confirms that, in comparison to the
non-irradiated material, which only exhibits prismatic
slip system activation for such a low plastic strain level,
the hierarchy of CRSS has changed with irradiation.

The data given in Fig. 11(a) also prove that for axial
tensile tests, the grains are not well orientated for basal
slip.

From this analysis we are also able to estimate the
CRSS for the different slip systems, assuming, in a first
approximation, disregarding the interaction between
grains, that the applied stress on each grain equals the
macroscopic stress. In order to estimate the CRSS, it is
necessary to estimate the true yield stress, therefore, we
have chosen to compare the flow stress at 5x 107> for the
burst or bulge test conditions and the axial tensile test
conditions. For the transverse tensile test, the mechani-
cal test data cannot be used to estimate the flow stress
at 5x 1075, We have measured that for closed end burst
test (C specimen), the flow stress at Ej, =5 x 107> is
299 = 280 MPa. We have shown from TEM examina-
tions that, according to the histograms, well orien-
tated grains for basal slip (0.3 < F3 <0.5) exhibit basal
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Fig. 11. (a) Number of grains vs maximum basal Schmid factor
observed in the E specimen ((5) grains without basal channel,
basal plane reachable), (b) Number of grains vs prismatic (6)
and pyramidal (7) Schmid factor corresponding to the observed
channeling plane in the E specimen.

channels, therefore, because of the definition of the
Schmid factor in closed end burst tests, the CRSS of the
basal plane is in between 84 MPa < 73 < 140 MPa.

For axial tensile tests (E specimen) we have measured
that the flow stress at E?. = 5 x 107 is X,, = 350 MPa.
TEM observations have shown evidences that grains
well orientated for prismatic slip (0.3 < Fp <0.5) exhibit
prismatic channels, which implies that prismatic CRSS
is of the order of 105 MPa <rtp = 175 MPa.

For the non-irradiated material, several authors have
investigated the CRSS for single crystals o-Zr and o-Ti
with different oxygen contents and for different tem-
peratures [25,26]. All the different authors have shown
that the prismatic CRSS is lower than the other CRSS.
Mills [25] has shown that for zirconium single crystal
with 1200 ppm oxygen concentration, the CRSS of
prismatic slip system is at 350 °C of the order of 7p = 40
MPa. Conrad [26] has also reviewed the measured CRSS
for prismatic and basal slip system for high purity zone

refined Ti single crystal at 350 °C. He has shown that for
this temperature, the basal CRSS is twice the prismatic
CRSS. Assuming the same CRSS ratio for Zr single
crystal with 1200 ppm oxygen at 350 °C, the basal CRSS
would be of the order of g = 80 MPa.

These calculations confirm that the CRSS are in-
creased by irradiation and that the prismatic CRSS is
more affected by irradiation than the basal CRSS. These
phenomena can be understood in terms of obstacles to
dislocation glide.

Indeed, it is known that point defect clusters, such as
interstitial and vacancy (a) type loops in prismatic habit
planes, can act as obstacles preventing dislocation glide,
mainly because of contact interactions between loops
and dislocations. The classical dispersed barrier hard-
ening (DBH) model reviewed by Bement [5] and Hirsch
[6] and numerically applied by Foreman [7] to the esti-
mation of the CRSS of irradiated FCC materials
amounts to consider that the radiation defects are ran-
domly distributed obstacles to dislocation motion. As
mentioned by Foreman, the reaction between the gliding
dislocations and the intersecting prismatic loops leads to
the creation of attractive junctions which can act as
pinning points. In the case of zirconium alloys, the
creation of junctions between (@) dislocations and (a)
loops is always energetically favorable since it leads to a
decrease in the Burgers vector modulus. Consider, for
instance, a a; dislocation and a a, loop the junction
created has a Burgers vector of —as3, therefore the
line tension energy of the junction is less than that of
the dislocation and the loop (a; +a, = —a; and
a3 < a} + a3). Nevertheless, when a sufficient shear stress
is applied the obstacles can be overcome and the loops
can be annihilated or dragged by the dislocations, fol-
lowing different mechanisms as reviewed by Wechsler [8]
and Hirsch [6]. The CRSS needed to produce a macro-
scopic strain is obtained when the stress is sufficient to
move the dislocation all across the grain. Thus, this
CRSS depends on the ability of the channeling process
in the slip plane. We have seen previously that the dis-
location channeling mechanism is easier on the basal
plane than on the prismatic plane. This can be under-
stood, as proposed by Fregonese [13] and Régnard [14],
by the fact that, in the hexagonal closed packed struc-
ture, the junctions created between a (a) loop and a (a)
dislocation gliding in the basal plane are always glissile
whereas in the case of a (a) dislocation gliding on the
prismatic plane interacting with a (@) loop, the junction
created is sessile in two cases over three, which leads to a
lower ability for dislocation channeling and therefore a
higher CRSS.

Indeed, let us first consider a @, dislocation gliding in
the basal plane and interacting with a a; loop. In this
case an helicoidal jog is created on the dislocation
according to the Saada and Washburn process [6], as
shown in Fig. 12(a) and (b), and the jog can glide on its
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cylinder swept up by the dislocation. When a a; dislo-
cation gliding in the basal plane interacts, for instance,
with a a3 loop, the junctions created have a —a, Burgers
vector which is contained in the glide plane and is
therefore glissile. In this case, the loop can glide on its
cylinder with the junction, swept up by the dislocation as
shown in Fig. 12(c) and (d). When a a; dislocation
gliding in the prismatic plane interacts with a a; loop, a
helicoidal jog is created on the dislocation. The jog can
glide on its cylinder swept up by the dislocation (Fig.
13(a) and (b)). But in the case of a reaction between a a,

p%

B O B

255 2@,@ éé 4
S

5%
a3 -

(c) (d)

Fig. 12. (a) and (b) Interaction between a a; dislocation, gliding
in the basal plane, and a a; loop leading to the creation of an
helicoidal jog which can glide on its cylinder. (¢) and (d)
Interaction between a a; dislocation, gliding in the basal plane,
and a a3 loop leading to the creation of two glissile junctions
with a —a; Burgers vector allowing the loop to glide on its
cylinder swept up by the gliding dislocation.

| a, 2 a;
( (c) & (@

Fig. 13. (a) and (b) Interaction between a a; dislocation, gliding
in the prismatic plane, and a a; loop leading to the creation of
an helicoidal jog which can glide on its cylinder. (c) and (d)
Interaction between a a; dislocation, gliding in the basal plane,
and a a3 loop leading to the creation of a sessile junction which
do not lead to the sweeping up of the loop.

dislocation and a a; loop, the junction created has a
Burgers vector —a, which is not contained in the gliding
plane and is therefore sessile. Moreover, the junction is
limited to a point and the glide cylinder of the loop is not
well orientated for being swept up as shown in Fig. 13(c)
and (d). This implies that in two cases over three the
interaction is much stronger than in the case of the basal
plane, leading to a lower ability for dislocation chan-
neling process in prismatic planes as proved by the TEM
analysis. This explanation also applies for pyramidal slip
systems. However, when the grains are not well orien-
tated for basal slip, as in the case of axial tensile tests,
prismatic and pyramidal channeling occur in order to
accommodate the plastic strain as seen by TEM inves-
tigations of the E specimen. The observation that pris-
matic and pyramidal channels do not seem to be fully
cleared of defects could be explained by the fact that
sweeping up of loops is limited for these slip systems.

4.3. Volume fraction of basal channels

From the measurements of the number of channels
per grain and the mean width of channels we have been
able to roughly estimate the evolution of the mean vol-
ume fraction of basal channels with the macroscopic
plastic strain (Fig. 14). The volume fraction of channels
is computed as the mean width multiplied by the mean
number of channels and divided by the mean grain size,
8 um in the case of the A, C and D specimens and 25 um
in the case of the B specimen. Data reported in Fig. 14
shows that the volume fraction of channels measured on
the four specimens is of the same order considering the
inaccuracy of the measurements. Taking into account
that there is no channel for zero plastic strain, one can
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Fig. 14. Evolution of the mean basal channels volume fraction
with the macroscopic plastic strain (transverse plastic strain for
A and B specimens and circumferential plastic strain for C and
D specimens).
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Fig. 15. Basal channel volume fraction for each studied grain
of the four specimens (A, B, C, D) as a function of the maxi-
mum basal Schmid factor (transverse plastic strain for A and B
specimens and circumferential plastic strain for C and D spec-
imens).

see that there is a slow decrease in the rate of multipli-
cation of channels. This observation is in agreement
with the evolution of the number of slip bands per unit
length, corresponding to the channels, with the macro-
scopic shear strain observed by Mori and Meshii [27] on
quench-hardened aluminium single crystal surfaces.

For each grain of the four specimens (161 studied
grains for the A, B, C and D specimens), the volume
fraction of basal channels has also been estimated. All
these data have been plotted as a function of the maxi-
mum basal Schmid factor in Fig. 15. The graph clearly
shows that for a basal Schmid factor below 0.3, the
volume fraction of channels is close to zero, whereas for
Schmid factor between 0.3 and 0.5 the volume fraction
of channels is generally less than 4% and on average of
the order of 2% for all the studied grains. These statis-
tical data can be used as an input into a micromechan-
ical modeling of the mechanical behavior of neutron
irradiated Zr alloys.

5. Conclusions

It has been shown, that, for various loading paths,
dislocation channeling occurs during plastic deforma-
tion at 350 °C in neutron irradiated recrystallized zir-
conium alloys. It has also been proved that although
plastic deformation occurs at the grain scale in a highly
localized manner, it is still homogeneous at the specimen
scale. A great improvement from previous works comes
from the statistical TEM investigation of dislocation
channeling mechanism. This investigation has shown
that for transverse tensile and closed end burst tests at
350 °C, only basal channeling occurs in the homoge-

neously deformed part of the specimen. Nevertheless,
due to the strong texture of the material, both prismatic
and pyramidal channeling occur for axial tensile tests.
These observations lead to the conclusion that irradia-
tion induces a change in slip system activation associ-
ated with a change in the hierarchy of CRSS (73 < 7p).
The change of CRSS has been quantified by a statisti-
cal Schmid factor analysis. The measurement of the
flow stress for 0.005% plastic strain has been used in
order to estimate the basal and prismatic CRSS
(105 MPa < tp < 175 MPa and 84 MPa < 73 < 140 MPa
in addition to the hierarchy tp < tp). The change in
CRSS has been interpreted in terms of junction reactions
between loops and dislocations. This analysis also holds
for pyramidal (m;) slip systems. The statistical TEM
observations have also been analyzed in terms of volume
fraction of basal channels. It has been shown that for
Schmid factors below 0.3, the volume fraction of chan-
nels is close to zero, whereas for Schmid factors between
0.3 and 0.5 the volume fraction of channels is on average
of the order of 2%.
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