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The radiation-induced microstructure, strain localization, and iodine-induced stress corrosion cracking
(I-SCC) behaviour of recrystallized Zircaloy-4 proton-irradiated to 2 dpa at 305 �C was examined. <a>
type dislocation loops having 1/3h11 �20i Burgers vector and a mean diameter and density of, respec-
tively, 10 nm and 17 � 1021 m�3 were observed while no Zr(Fe,Cr)2 precipitates amorphization or Fe
redistribution were detected after irradiation. After transverse tensile testing to 0.5% macroscopic plastic
strain at room temperature, almost exclusively basal channels were imaged. Statistical Schmid factor
analysis shows that irradiation leads to a change in slip system activation from prismatic to basal due
to a higher increase of critical resolved shear stresses for prismatic slip systems than for basal slip system.
Finite element calculations suggest that dislocation channeling occurs in the irradiated proton layer at an
equivalent stress close to 70% of the yield stress of the irradiated material, i.e. while the irradiated layer is
still in the elastic regime for a 0.5% applied macroscopic plastic strain. Comparative constant elongation
rate tensile tests performed at a strain rate of 10�5 s�1 in iodized methanol solutions at room temperature
on specimens both unirradiated and proton-irradiated to 2 dpa demonstrated a detrimental effect of irra-
diation on I-SCC.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The first fractures by pellet-cladding interactions (PCI) were ob-
served during the 1960s in boiling water reactors (BWRs) and CAN-
DU-type reactors [1]. With the development of barrier cladding
using an inner layer of pure zirconium in BWR design in the 80s,
PCI has since received little attention, excepted for power transient
conditions in pressurized water reactors (PWRs). Indeed, cladding
failure by iodine-induced stress corrosion cracking (I-SCC) may oc-
cur under PCI conditions during power transients in PWRs. I-SCC
then results from the synergistic effect of (i) the hoop tensile stress
and strain imposed on the cladding by fuel thermal expansions
during power transients and (ii) corrosion by iodine released from
the UO2 fuel as a fission product [1]. In spite of numerous labora-
tory studies, the mechanisms controlling I-SCC are not well under-
stood. Irradiation is believed to play a significant role in the
phenomenon [2,3] but the precise mechanism by which it may af-
fect I-SCC is not clear.

Irradiated and deformed zirconium alloys are clearly prone to
dislocation channel formation [4–11] and several authors [12,13]
suggested that dislocation channeling may be responsible for an
ll rights reserved.
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increase in the I-SCC cracking susceptibility of irradiated zirconium
alloys. However there is no clear consensus on the activated slip
systems in irradiated zirconium alloys and there is no evidence
that dislocation channeling affects I-SCC.

This work was therefore aimed at (i) contributing to the clarifi-
cation on the activated slip systems in irradiated zirconium alloys
and (ii) giving insights into the possible effect of channeling on I-
SCC by means of proton irradiation and constant elongation rate
tensile (CERT) testing in iodized methanol solution at room tem-
perature. Several authors [4,14] already demonstrated that I-SCC
in gaseous iodine environment at temperature around 300 �C is
relatively well simulated by I-SCC tests performed in iodized meth-
anol solution at room temperature. Zu et al. [15,16] also recently
made the first effort to investigate the effect of proton irradiation
on Zircaloy-4 in terms of microstructure, microchemistry and
hardness. These authors identified an irradiation temperature
range between 300 and 350 �C under which neutron irradiation ef-
fects can be reproduced by proton irradiation. In the present work,
radiation-induced microstructure as well as dislocation channeling
in Zircaloy-4 proton-irradiated to 2 dpa at 305 �C was investigated
together with the I-SCC behaviour.

Finite element (FE) calculations were also carried out in order to
guide the interpretation of the CERT tests performed on proton-
irradiated Zircaloy-4 specimens.
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2. Experimental procedure

Fully recrystallized Zircaloy-4 in the form of a 6 mm thick sheet
was provided by CEZUS. The chemical composition of this material
is given in Table 1 and the grain size was measured to be around
7 lm. The {0002} and {10 �10} pole figures, determined by stan-
dard X-ray diffraction technique and given in Fig. 1, illustrate the
strong and classical texture of the rolled and recrystallized Zirca-
loy-4 sheet with c axis 35� to the normal direction (ND) in the
transverse-normal (TD-ND) plane.

Two types of samples were proton-irradiated: transmission
electron microscopy (TEM) bars and tensile specimens. A drawing
of the sample design is provided in Fig. 2. All samples were fabri-
cated by electric discharge machining in the transverse direction
in the TD-LD plane. Prior to irradiation, specimens were mechani-
cally wet-polished using SiC paper (grit 320-2400). Proton irradia-
tions were conducted at the Michigan ion beam laboratory at the
University of Michigan. Samples were mounted on a specially de-
signed irradiation stage attached to the main target chamber of a
General Ionex Tandetron accelerator. Temperature control was
achieved by mounting the samples on a copper block with an in-
dium liquid metal coupling to facilitate heat conduction between
the samples and the stage. The sample temperature during irradi-
ation was maintained at 305 ± 10 �C. Irradiations were conducted
to a nominal dose of 2 dpa with 2 MeV protons at a dose rate of
approximately 2.6 � 10�5 dpa/s, resulting in a nearly uniform
damage rate throughout the first 25 lm of the proton range
(�30 lm). Both tensile and TEM specimens were irradiated, in
their center part, on an 11 mm length. The temperature for proton
irradiations was chosen to partially compensate for the damage-
rate difference and to produce irradiation damage in materials
relevant to LWR cores. Experimental doses and dose rates were
calculated using TRIM97 with a threshold displacement energy of
40 eV.
Table 1
Chemical composition of the Zircaloy-4 alloy used in this study (in weight percent).

Sn Fe Cr O Zr

1.35 0.23 0.1 0.12 Bal.

LD 

TD 

a

Calculated PF 002

Kearns factors : fN = 0.601, fT

Fig. 1. (a) {0002} and (b) {10 �10} pole figures for the
Hardening in proton-irradiated samples was measured by Vick-
ers indentation (MICROMET II) with a load of 25 g. This low load
was used to confine the plastic zone ahead of the indenter tip to
a depth within the proton range to ensure that unirradiated mate-
rial is not being sampled.

Three-mm TEM discs were cut using a slurry drill cutter. TEM
discs were then prepared by electropolishing in a 10% perchloric
acid and 90% methanol solution at �10 �C and 20 V. Radiation-in-
duced microstructure was characterized using a 300 kV TECNAI30
transmission electron microscope. The dominant microstructural
feature observed for all specimens was <a>-type dislocation loops
having 1/3h11 �20i Burgers vector. About 800 dislocation loops
were imaged to obtain average loop diameter and number density.
Thin foil thicknesses were determined using thickness fringes
along a grain boundary.

Particular attention was paid to strain localization within dislo-
cation channels after CERT testing at a strain rate of 10�5 s�1 up to
0.5% macroscopic plastic deformation at room temperature. Chan-
nel traces on the stereographic projection were systematically ana-
lyzed in order to identify the channeling slip system. For that
purpose, the tilt conditions for the maximum contrast between
the channels and the matrix were systematically recorded since
they correspond to the situation where the channeling plane con-
tains the electron beam. This method allows the unambiguous
determination of the channeling slip system.

Eventual partial precipitate amorphization associated with Fe
release after proton irradiation to 2 dpa at 305 �C was examined.
Both conventional bright field TEM observation to detect the pres-
ence or not of an amorphous rim, and scanning TEM (STEM)/en-
ergy-dispersive X-ray spectroscopy (EDS) composition profiles on
Zr(Cr,Fe)2 precipitates were performed.

CERT tests were performed at a strain rate of 10�5 s�1 in iodized
methanol solutions in the range 10�6 gram of iodine per gram of
methanol (g/g) to 6 � 10�6 g/g at room temperature on both unir-
radiated and proton-irradiated tensile test specimens. Engineering
stress-strain curves were post-processed by linearly fitting the
elastic part to a Young’s modulus of 92 GPa. Analysis of both the
fracture and the side surfaces of specimens after CERT testing
was carried out by scanning electron microscopy (SEM). Prior to
SEM examination specimens were ultrasonically cleaned first in
acetone and then in ethanol. Additional CERT tests were performed
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Fig. 2. Schematic of (a) the tensile test specimens and the TEM bars used in this study (b) the orientation of the sample in respect to the longitudinal (L), transverse (T) and
normal (N) directions of the sheet.

Table 2
Constitutive equations parameters used for the finite element analysis.

A0 (MPa) B0 (MPa) r0

Un-irradiated Zircaloy-4 340 35 0.52
Proton-irradiated Zircaloy-4 740 8 0.01
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at 10�5 s�1 in air in order to determine the mechanical behaviour
of the studied material.

3. Numerical procedure

Finite element (FE) calculations were performed in order to esti-
mate stress and strain distributions in tensile specimens during
CERT tests, paying particular attention to the thin 30 lm proton-
irradiated layer. Constitutive equations, geometry and mesh are
described in this section.

Both irradiated and unirradiated parts of the specimens were
considered as homogeneous materials, i.e. grains were not mod-
elled individually. Anisotropic elastic-plastic constitutive equa-
tions for irradiated and unirradiated Zircaloy-4 were,
respectively, derived from literature data and from CERT tests car-
ried-out in this study. Because of the lattice structure and the crys-
tallographic texture of Zircaloy-4 plates, mechanical behaviour
was assumed to be orthotropic. Principal directions were defined
as longitudinal (L), transverse (T) and normal (N) directions, which
are similar to axial (z), tangential (h) and radial (r) directions of a
fuel cladding tube.

Plastic equivalent stress r* threshold was described by Hill’s
model:

r� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HNðrT � rLÞ2 þ HTðrL � rNÞ2 þ HLðrN � rTÞ2

q
ð1Þ

where HN, HT et HL are the Hill’s parameters (with the convention
HN + HT = 1) and rN, rT, and rL are the principal stresses.

Plastic strain increment in a given direction (dei) as a function of
the equivalent plastic strain increment (de*) was given by the nor-
mality equation:

dei ¼
or�

ori
de�: ð2Þ

Using Eqs. (1) and (2) for uniaxial tensile test in the transverse
direction gave the following relations:

rT� ¼ rT
T

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HN þHL

p
; ð3Þ

eT
T ¼ eT�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HN þ HL

p
; ð4Þ
a ¼ eT
N

eT
L
¼ HL

HN
: ð5Þ

Following Limon et al. [17] and Mahmood and Murty [18], values
for HL and HN were, respectively, fixed at 0.20 and 0.75 for unirradi-
ated Zircaloy-4. This choice led to a = 0.27, which is consistent with
the measurements made on fracture surface of CERT specimens
tested in air. HL and HN parameters values were fixed at 0.5 for irra-
diated Zircaloy-4 since it exhibits lower anisotropy than unirradi-
ated Zircaloy-4 [19].

A simple power like plastic strain hardening constitutive equa-
tion was selected:

r� ¼ A0 þ B0e�r0 ; ð6Þ

A0, B0, and r0 were chosen in order to fit the true stress-strain curve
obtained after CERT testing in air in the transverse direction for
unirradiated Zircaloy-4. A0, B0, and r0 for irradiated Zircaloy-4 were
chosen based on the data obtained by Morize et al. [20] on recrys-
tallized Zircaloy-4 neutron irradiated to 1025 n/m2 and considering
an almost perfectly plastic behaviour. Chosen A0, B0, and r0 values
for both un-irradiated and irradiated Zircaloy-4 are summarized
in Table 2.

Elastic part of the mechanical behaviour was assumed to be iso-
tropic and independent from irradiation. Young’s modulus and
Poisson ratio values were, respectively, set to 92 GPa and 0.3.

Only one quarter of the tensile specimen was modelled due to
symmetry. Thickness and length of the irradiated layer were,
respectively, set to 30 lm and 11 mm. Elements were 8 nodes rect-
angular with 8 Gauss points. An illustration of the mesh is dis-
played in Fig. 3. Particularly fine elements were used near the
boundaries of the irradiated layer. Four elements were used in
the 30 lm thickness of the proton-irradiated layer.



L. Fournier et al. / Journal of Nuclear Materials 384 (2009) 38–47 41
4. Results

4.1. Radiation-induced microstructure and hardening

Mean loop diameter and density of, respectively, 10 nm and
17 � 1021 m�3 were determined for Zircaloy-4 proton-irradiated
to 2 dpa. Typical TEM bright field image of dislocation loops and
loop diameter distribution are displayed in Fig. 4(a) and (b),
respectively. As shown in Table 3, the mean loop diameter and
density determined in this study are consistent with that deter-
mined by Zu et al. [15,16], Régnard et al. [11] and Northwood
et al. [21] for, respectively, Zircaloy-4 proton-irradiated to 2 dpa
at 350 �C, Zircaloy-4 neutron-irradiated to 0.6 � 1025 n/m2 at
280 �C, and Zircaloy-2 neutron-irradiated to 1 � 1025 n/m2 at
342 �C.

In this study of Zircaloy-4 proton-irradiated to 2 dpa at 305 �C,
no Zr(Fe,Cr)2 precipitate amorphization and Fe redistribution were
observed. This result is also consistent with the observations of Zu
et al. [15,16] that reported a very thin (5–10 nm) amorphous rim
on Zr(Fe,Cr)2 precipitates after Zircaloy-4 proton irradiation to
5 dpa at 310 �C.

The measured hardness of Zircaloy-4 before and after proton
irradiation to 2 dpa at 305 �C are displayed in Table 3. Radiation-in-
duced increase in hardness is in good agreement with that mea-
Fig. 3. Mesh corresponding to one quarter of the irradiated tensile specimen; the
irradiated layer is coloured in red; un-irradiated part is coloured in green. For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.

10 1 1 

a b

50 nm

Fig. 4. (a) TEM micrograph of <a> dislocation loops at g = 10 �11 and (b) dislocation
sured after proton irradiation of Zircaloy-4 to 2 dpa at 350 �C
[15,16].

4.2. Local stress and strain analysis

Equivalent plastic strain and equivalent stress are plotted in
Figs. 5 and 6, respectively, at 0.5% and 1.1% macroscopic plastic
strain. As expected, because of the higher yield stress of the irradi-
ated material, the irradiated layer is still in the elastic regime at
0.5% macroscopic plastic strain, whereas unirradiated material is
already in the plastic regime. Equivalent stress in the irradiated
layer is around 525 MPa, which represents 70% of the yield stress;
whereas equivalent stress in the unirradiated part is lower (around
350 MPa). The irradiated layer enters in plasticity at 1.1% macro-
scopic plastic strain. Calculations also indicate that the unirradi-
ated part below the irradiated layer is not as strained as the
unirradiated part in the rest of the specimen, suggesting that the
thin irradiated layer significantly reinforces the center of the spec-
imen in comparison to the ends of the specimen.

As illustrated in Fig. 7, plastic deformation of the unirradiated
part induces lateral compressive stress in the irradiated layer. It
is worth noticing that this compressive stress is larger in the mid-
dle than at the edge of the irradiated layer. As illustrated in Fig. 8,
stress tri-axiality ratio (defined as 1/3 trace(r)/r*) is significantly
higher near the edge than in the middle of the irradiated layer.
Stress state in the un-irradiated part remains globally uni-axial
away from the irradiated part.

4.3. Radiation-induced strain localization

The results of TEM observations of dislocation microstructure in
Zircaloy-4 proton-irradiated to 2 dpa after CERT testing at a strain
rate of 10�5 s�1 0.5% macroscopic plastic strain are summarized in
Table 4. As shown in Fig. 9, a large number of defect-reduced chan-
nels were imaged. Ten grains out of the 40 studied grains were
determined to contain basal channels by using the trace analysis
method and the contrast criterion while only one grain was deter-
mined to contain one prismatic channel. These observations are in
good agreement with the results of Fregonese et al. [4], Régnard
et al. [11] and more recently Onimus et al. [10] who also observed
basal channeling after transverse tensile testing. In contrast, Adam-
son and Bell [9] reported prismatic and pyramidal channels after
transverse tensile testing on Zircaloy-2. The stereographic projec-
tions for no tilt (Fig. 10(b)) and (0�,�10�) tilt (Fig. 10(c)) associated
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Fig. 5. Equivalent plastic strain (%) at (a) 0.5% macroscopic plastic strain and (b) 1.1% macroscopic plastic strain.

Table 3
Summary and literature comparison of radiation-induced microstructure and radiation-induced hardening characterization of Zircaloy-4 proton-irradiated to 2 dpa.

Material Dose or fluence
(dpa or n/m2)

Temperature
(�C)

Mean loop
diameter (nm)

Mean loop density (m�3) Hv unirradiated
(kg mm�2)

Hv irr.
(kg mm�2)

DHv
(kg mm�2)

Zircaloy-4 2 305 10 17 � 1021 206 250 44
Zircaloy-4 [15,16] 2 350 7 7 � 1021 183 223 40
Zircaloy-4 [11] 0.6 � 1025 280 10 10 � 1021 – – –
Zircaloy-2 [21] 1 � 1025 342 8.7 19 � 1021 – – –
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with the grain shown in Fig. 10(a) illustrate the identification of the
slip orientation of the channels as basal. Basal channels mean
width was determined to be 80 ± 10 nm.

4.4. Iodine-induced stress corrosion cracking

The results of the CERT tests performed at a strain rate of
10�5 s�1 and room temperature in iodized methanol solutions on
unirradiated and irradiated Zircaloy-4 are summarized in Table 5.
The strain-to-failure, failure mode, number of cracks and total
crack length in both the unirradiated side surface and the irradi-
ated side surface were tabulated for each specimen.

Initial CERT tests were performed in iodized methanol solutions
at 10�6 g/g on both unirradiated (#1 and 2) and proton-irradiated
(#3) specimens. All specimens failed in a fully transgranular duc-
tile mode. The irradiated specimen exhibited numerous but shal-
low cracks on its irradiated side suggesting limited susceptibility
to I-SCC. Surprisingly relative to specimens #1 and 2, the irradiated
specimen also exhibited a few shallow cracks on its unirradiated
side at 24% strain. Following tests were performed in methanol
solutions with higher content in iodine, first at 4 � 10�6 g/g and
then at 6 � 10�6 g/g.

The two unirradiated Zircaloy-4 specimens (#4 and 5) strained
in iodized methanol solutions at 4 � 10�6 g/g did not exhibit envi-
ronmentally assisted cracking. These specimens failed at a large
strain, around 30%, in a transgranular ductile mode by microvoid
coalescence. In contrast, the two proton-irradiated Zircaloy-4 spec-
imens (#6 and 7) were found to be sensitive to SCC:



Fig. 6. Equivalent stress (MPa) at (a) 0.5% macroscopic plastic strain and (b) 1.1% macroscopic plastic strain.
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– In test #6, irradiation to 2 dpa was found to significantly pro-
mote SCC. As shown in Fig. 11(a) stress corrosion cracks have
already initiated at the specimen’s edges at 0.5% macroscopic
plastic strain. Further straining of the specimen led to failure
with an overall 20% loss of ductility in comparison to the unirra-
diated Zircaloy-4. SEM micrographs of the fracture surfaces for
Zircaloy-4 proton-irradiated to 2 dpa are displayed in
Fig. 11(b) and (c). Cracks are shown to have initiated in an inter-
granular mode at the specimen’s edges (Fig. 11(b)) and to have
propagated in a transgranular mode (Fig. 11(c)). A possible
explanation for crack initiation at the specimen’s edges is the
significantly higher stress triaxiality ratio at the edge relative
to the middle of the specimen shown by FE calculation in Sec-
tion 4.2. A side-surface SEM micrograph of specimen # 6
strained to failure is displayed in Fig. 11(d). It should be noted
the presence of macroscopic localized deformation bands 45�
to the tensile axis in the irradiated region and the absence of
these bands in the unirradiated region.

– Up to following the occurrence of crack initiation at specimen’s
edges in test #6, test #7 was conducted on a specimen proton-
irradiated to 2 dpa with silicone paste protected edges and small
side surfaces. This specific test was successively interrupted at
0.5%, 1%, 2% and 5% macroscopic plastic strain. No cracks were



Fig. 8. Stress triaxiality ratio (ratio between hydrostatic stress and equivalent
stress) in a portion of the irradiated layer at 1.1% macroscopic plastic strain. The
depicted portion is at the center of the specimen, the under-laying un-irradiated
specimen is depicted by its frame.
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observed after 0.5% and 1% macroscopic plastic strain. In con-
trast, a few small cracks were observed on the unirradiated side
of the specimen and several significant intergranular cracks with
a 2000 lm total crack length were observed on the irradiated
side of the specimen after 2% macroscopic plastic strain. SEM
micrographs of the irradiated side surface of specimen #7 plas-
tically strained to 2% are displayed in Fig. 12(a) and (b).

Like the unirradiated specimens strained in iodized methanol
solutions at 10�6 g/g and 4 � 10�6 g/g, the unirradiated specimen
#8 strained in iodized methanol solution at 6 � 10�6 g/g failed in
a fully transgranular ductile mode. In contrast, the proton-irradi-
Fig. 9. (a)–(b) TEM micrographs of dislocation channels in Zircaloy-4 proton-irradiated t
room temperature.

Table 4
Summary of strain localization characterization of Zircaloy-4 proton-irradiated to 2 dpa
temperature.

TEM foil
studied

# of studied
grains

# of grains with
channels

Channeling
plane

M
g

1 12 4 B 5
2 28 7 B and P 2
ated specimen #9 with silicone paste protected edges and small
side surfaces, exhibited stress corrosion cracks at macroscopic
plastic strain as low as 0.5%.

All proton-irradiated specimens (#3, 6, 7, and 9) surprisingly
exhibited stress corrosion cracks on their unirradiated side at var-
ious strain level depending on the iodine concentration of the
methanol solution. Since all specimens were cleaned in methanol
after irradiation, no obvious explanation was found during this
work.

It should be highlighted here that the higher the iodine concen-
tration of the methanol solution, the lower the strain to stress cor-
rosion crack initiation. At 6 � 10�6 g/g, crack initiation occurs at
0.5% macroscopic plastic strain that approximately corresponds
to an equivalent stress as low as 70% of the yield stress of the irra-
diated material in the proton-irradiated layer while no significant
crack initiation is observed at 10�6 g/g.

5. Discussion

5.1. Channeling in proton-irradiated Zircaloy-4

Several authors already observed dislocation channeling in irra-
diated and deformed zirconium alloys [4–11]. Onimus et al. [10]
recently proposed a TEM method to unambiguously determine
channeling slip system in irradiated zirconium alloys and studied
different loading conditions. These authors only observed basal
channels after transverse tensile testing and closed end burst tests,
and only prismatic and pyramidal channels after axial testing. In
this study, channeling in Zircaloy-4 proton-irradiated to 2 dpa
and strained in the transverse direction to 0.5% macroscopic plastic
strain at a strain rate of 10�5 s�1 was investigated following the
method proposed by Onimus et al. [10]. As presented in the results
section, basal channels were mainly observed, in good agreement
with the observations of Onimus et al. on neutron irradiated Zirca-
loy-4. Only one prismatic channel was observed in one grain with c
axis close to the N direction. It should be emphasized here that
channeling was characterized by Onimus et al. [10] after transverse
tensile testing to approximately 0.4% plastic deformation while in
o 2 dpa and strained to 0.5% macroscopic plastic strain at a strain rate of 10�5 s�1 at

and strained to 0.5% macroscopic plastic strain at a strain rate of 10�5 s�1 at room

ean number of channels per
rain

Mean B channel
width

Mean P channel
width

± 1 80 ± 10 –
± 1 80 ± 10 40 ± 10
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Fig. 10. (a) TEM micrograph showing basal channel in Zircaloy-4 proton-irradiated to 2 dpa and strained to 0.5% macroscopic plastic strain at a strain rate of 10�5 s�1 at room
temperature. Stereographic projection of the grain imaged in (a) corresponding to (b) (0�,0�) tilt angles and (c) after (0�,�10�) tilt corresponding to the orientation of
micrograph (a).

Table 5
Summary of CERT tests performed at a strain rate of 10�5 s�1 in iodized methanol solution at room temperature on unirradiated Zircaloy-4 as well as on Zircaloy-4 proton-
irradiated to 2 dpa at 305 �C.

Specimen
#

Dose
(dpa)

Iodine
conc.
(g/g)

Macroscopic plastic
strain to interruption
(%)

Macroscopic
strain
to failure (%)

Failure
mode

Side surface cracks

Unirradiated side Irradiation side

Nb of
cracks

Total crack length
(fim)

Nb of
cracks

Total crack length
(fim)

1 Unirradiated l � 10�6 – 26 TG ductile 0 0 – –
2 Unirradiated l � 10�6 – 27 TG ductile 0 0 – –
3 2 l � 10�6 – 24 TG ductile Notquantified Notquantified
4 Unirradiated 4 � 10�6 – 30 TG ductile 0 0 – –
5 Unirradiated 4 � 10�6 – 28 TG ductile 0 0 – –
6a 2 4 � 10�6 0.5 – – 0 0 10 670

– 10 IG + TG 24 500 14 1380
7b 2 4 � 10�6 0.5 – – 0 0 0 0

1 – – 0 0 0 0
2 – – 4 60 99 2000
5 – – 8 120 163 3580

8 Unirradiated 6 � 10�6 – 25 TG ductile 0 0 – –
9b 2 6 � 10�6 0.5 – – 0 0 3 100

1 2 30 10 310

a Crack inititation at specimen’s edges.
b Specimen’s edges and small side surfaces protected with silicone paste.
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this study channeling was characterized in the micro-plasticity re-
gime, at approximately 70% of the yield stress, suggesting that
channeling can occur at stress levels well below the yield stress.

In order to further understand the transition from <a> disloca-
tions glide in prismatic planes [22] to basal channeling with irradi-
ation in the case of transverse tensile testing, maximum basal and
prismatic Schmid factors were calculated for all the grains studied.
The results of these calculations are displayed in Fig. 13. A clear
distinction was made between (i) grains containing channels, (ii)
grains without channel but with an orientation convenient for tilt-
ing so that the plane of interest (basel or prismatic) can contain the
electron beam, and (iii) grains without visible channel, i.e. with an
orientation unfavourable to tilt the plane of interest (basel or pris-
matic) so that it contains the electron beam. A strong correlation
between high basal Schmid factor and the occurrence of basal
channeling is seen in Fig. 13(a) with seven grains containing basal
channels out of 22 well-oriented grains for basal slip. In contrast,
prismatic channeling was found to occur in only one out of the 9
grains with maximum prismatic Schmid factor. These results are
in good agreement with the observations of Onimus et al. [10] on
neutron-irradiated Zircaloy-4 and also suggest that the basal criti-
cal resolved shear stress (CRSS) is lower than the prismatic CRSS
after proton irradiation to 2 dpa, and that irradiation induces a
change in the hierarchy of CRSS.

5.2. Influence of irradiation on I-SCC

This study was aimed at determining the influence of irradia-
tion on I-SCC and giving insights into the possible effect of chan-
neling on the phenomenon. The results presented in the previous
section clearly demonstrate the detrimental effect of irradiation
on I-SCC. In contrast, additional work is needed to investigate the
mechanisms controlling the increased susceptibility of zirconium
alloys to I-SCC after irradiation. In this work, no correlation could
be made between the occurrence of basal channeling and I-SCC.

This study has also shown the presence of more macroscopic
localized deformation bands 45� to the tensile axis in the irradiated
region after CERT testing. The presence of these bands was also re-
cently observed by Dexet [23] on unirradiated grade 702 zirconium
alloy after transverse tensile testing at 4 � 10�4 s�1 and 200 �C to



Fig. 12. (a)–(b) SEM micrographs of the side surface of proton-irradiated Zircaloy-4 specimen # 7 after straining to 2% plastic strain showing IG initiation.

Fig. 11. SEM micrographs of (a) the side surface after straining to 0.5% plastic strain showing crack initiation at specimen’s edge, (b)–(c) the fracture surface after straining to
failure showing IG initiation and TG propagation, and (d) the side surface after straining to failure showing localized deformation bands 45� to the tensile axis in the irradiated
region and the absence of these bands in the unirradiated region of proton-irradiated Zircaloy-4 specimen # 6.

Fig. 13. Number of grains vs (a) maximum basal Schmid factor and (b) maximum prismatic Schmid factor for Zircaloy-4 proton-irradiated to 2 dpa and strained to 0.5%
macroscopic plastic strain at a strain rate of 10�5 s�1 at RT.
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2% plastic strain using micro-extensometry techniques. Further
work is needed to determine if these bands contribute to I-SCC ini-
tiation by inducing high local stresses and strains at their intersec-
tions. In that regard, additional SCC tests using an alternative
technique to CERT test may be particularly interesting since the
formation of macroscopic localized deformation bands may be cor-
related with CERT testing.

6. Summary and conclusions

The radiation-induced microstructure, strain localization, and I-
SCC behaviour of Zircaloy-4 proton-irradiated to 2 dpa at 305 �C
was examined. The diameter and density of the <a> type disloca-
tion loops and the increase of microhardness were similar to those
observed after neutron irradiation. No Zr(Fe,Cr)2 precipitates amor-
phization or Fe redistribution were observed after irradiation.
Almost exclusively basal channeling was shown to occur for trans-
verse tensile testing at a strain rate of 10�5 s�1 up to 0.5%
macroscopic plastic strain at room temperature. Finite element cal-
culations suggest that 0.5% macroscopic plastic strain corresponds
to an equivalent stress close to 70% of the yield stress of the irradi-
ated material in the proton-irradiated layer. Statistical Schmid fac-
tor analysis shows that irradiation induces a change in slip system
activation from prismatic to basal via a change in the hierarchy of
critical resolved shear stresses. Irradiation was found to strongly
promote I-SCC. Strain to stress corrosion crack initiation was also
found to decrease with an increase of the iodine concentration of
the methanol solution.
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