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Abstract

This paper examines the effect of irradiation-induced plastic flow localization on the crack resistance behavior. Tensile and crack resis-
tance measurements were performed on Eurofer-97 that was irradiated at 300 °C to neutron doses ranging between 0.3 and 2.1 dpa. A
severe degradation of crack resistance behavior is experimentally established at quasi-static loading, in contradiction with the Charpy
impact data and the dynamic crack resistance measurements. This degradation is attributed to the dislocation channel deformation phe-
nomenon. At quasi-static loading rate, scanning electron microscopy observations of the fracture surfaces revealed a significant change
of fracture topography, mainly from equiaxed dimples (mode I) to shear dimples (mode I + II). With increasing loading rate, the high
peak stresses that develop inside the process zone activate much more dislocation sources resulting in a higher density of cross cutting
dislocation channels and therefore an almost unaffected crack resistance. These explanations provide a rational to all experimental

observations.
© 2007 Elsevier B.V. All rights reserved.

PACS: 61.80.Hg; 62.20.Mk; 81.40.Np; 81.70.Bt

1. Introduction

Neutron irradiation damage produced in structural
materials is very often monitored using a tensile test. Such
a test is quite easy and allows the determination of the
material flow behavior. Examination of the tensile proper-
ties usually shows an increase of the yield strength and a
reduction of ductility. At high fluence levels, the strain
hardening capacity can drastically be reduced, resulting
from localized deformation that occurs shortly after the
yield strength is reached. This phenomenon, result of a het-
erogeneous plastic deformation that occurs in localized slip
planes within bands of easy glide, is called dislocation
channel deformation [1-4]. Indeed, in these bands, defect
clearing by the initial unpinned dislocations provides paths
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of easy glide for subsequent dislocations, promoting there-
fore a localized plastic deformation. This phenomenon was
observed in bcec, fcc and hep metals [2,5-8]. A number of
investigations are being devoted to this phenomenon [6—
15], from both macroscopic and microscopic aspects, i.e.,
tensile testing and transmission electron microscopy
(TEM), respectively. The mechanical response of a material
experiencing plastic flow localization is characterized by
a softening shortly after the yield strength. The TEM
observations clearly show narrow defect-free channels or
bands is which plastic deformation occurs preferentially
[6,9,12,13,16-19]. Recently, a number of computer simula-
tions including molecular dynamics were also reported to
better understand this phenomenon [20-24]. However, to
the author’s knowledge, there was no attempt to investigate
the plastic flow localization ahead of a crack tip. More spe-
cifically, the critical question is how this channel deforma-
tion mode will affect the fracture toughness behavior. It is,
therefore, very interesting to examine the deformation and
fracture mechanism in such high triaxial stress—strain fields
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which are very different from those experienced during a
standard tensile test.

2. Background

The present investigation was motivated by two consid-
erations. First, there is a need of characterizing structural
materials in their regime of operation conditions, namely
at high temperature. Most irradiation studies directed
towards irradiation effects on the mechanical properties
concern the avoidance of the risk of brittle (catastrophic)
failure. Therefore, the experimental data are usually
reported in terms of ductile-to-brittle transition tempera-
ture (DBTT), either based on Charpy impact or fracture
toughness data. However, the structural materials of the
components are usually operated in a high temperature
regime. Therefore, estimation of their crack resistance
behavior is important in order to ensure adequate opera-
tion. Second, recent observations were reported on the dis-
agreement between DBTT-shift as determined from
Charpy impact tests in comparison to fracture toughness
tests [25,26]. This disagreement could be explained in [27]
by using the load diagram approach. Since part of the
Charpy impact absorbed energy at the DBTT is spent in
ductile fracture, it is important to understand how irradia-
tion is affecting the flow and fracture behavior in the ductile
regime. Therefore, the present work was initiated to pro-
vide better insight into the effect of plastic flow localization
on the crack resistance behavior. More specifically, the sub-
ject of the present paper is the plastic flow localization
induced by irradiation where dislocation channel deforma-
tion is the main deformation mechanism. Indeed, plastic
instability can occur in a number of other conditions such
as metals and alloys after quenching and subsequent heat
treatment (ageing, tempering), predeformation or precipi-
tation hardening [5,28]. However, the observation of a
prompt necking after the yield strength that is usually
observed on a tensile curve does not necessarily indicate
a dislocation channel deformation mechanism. For exam-
ple, at relatively high temperatures, plastic flow instability
may occur without involving the dislocation channeling
mechanism. This was observed in [26] for Eurofer-97 where

plastic flow localization occurs above about 500 °C, but
fracture toughness and crack resistance remain unaffected
in comparison to room temperature. That’s why it is pre-
ferred to define the phenomenon under investigation as
irradiation-induced plastic flow localization involving spe-
cifically the dislocation channel deformation.

Before giving the experimental conditions, it is impor-
tant to note that irradiation-induced plastic flow localiza-
tion was long associated with low temperature
embrittlement where typically a very significant hardening
is observed when the irradiation temperature is below
~250 °C [7,8,29]. However, plastic strain localization is
also found at higher irradiation temperature, 300 °C for
example, although not as spectacular as observed in the
low temperature range. In particular, the 9%Cr-1W fer-
ritic/martensitic steel, Eurofer-97, was the subject of many
investigations in Europe [26,30-38].

3. Experimental

The chemical composition of Eurofer-97 is given in
Table 1. Some mechanical properties in the unirradiated
condition are given in Table 2. Eurofer-97 was irradiated
at SCK-CEN in the BR2 reactor at 300 °C up to about
2.1dpa and was extensively characterized by Lucon
[25,26,33] using tensile, Charpy impact and brittle fracture
toughness tests. Because of the limited number of available
specimens, the Charpy reconstitution technique was used
to manufacture a few additional Charpy specimens from
the broken ones. These were precracked to a crack
length-to-width ratio close to 0.5 and further 20%-side
grooved before testing at 300 °C in three-point bending
at quasi-static loading.

The crack resistance curve was determined using the sin-
gle specimen procedure based on the load—displacement
test record. All specimens were tested using the unloading
compliance method at 300 °C but the crack resistance
curve determination was based on the load—displacement
record according to a procedure detailed in [39]. After
the crack has reached about 2.0 4= 0.5 mm crack extension,
the specimens were unloaded, heat tinted (300 °C for
20 min), and further broken at low (liquid nitrogen)

Table 1

Chemical composition and heat treatment of Eurofer-97 (wt%)

C Ni Cr Mo Cu Si Nb v P Mn w Ta Fe
0.12 0.007 8.99 <0.001 0.022 0.07 <0.001 0.19 <0.005 0.44 1.1 0.14 Bal
Table 2

Tensile (at 25 °C), impact and fracture properties of unirradiated Eurofer-97

y (MPa) ¢y (MPa) eu (%) & (%) RA (%) USE (J) DBTT (°C) Ti00mpa ym (°C) Jo at 25 °C (kJ/m?)
557 670 5 20 80 251 -57 —115 300

oy is the yield strength, g, is the tensile strength, &, is the uniform elongation, ¢ is the total elongation, RA is the reduction of area, USE is the Charpy
upper shelf energy, DBTT is the ductile-to-brittle transition temperature measured at 50% of the USE, Tjoompa m iS the static fracture toughness
transition temperature and Jg is the ductile initiation toughness evaluated at 0.2 mm crack extension.
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temperature to better reveal the final crack front. The tests
were performed according to the ASTM E-1820 testing
procedure [40]. Note that although not in full agreement
with the validity requirements according to the E-1820
standard, mainly in terms of specimen size, the results
based on precracked Charpy specimens are believed to be
valid and provide comparable results to large specimens,
as demonstrated in [39].

4. Results and discussion

Before examining the fracture toughness results, it is
interesting to show how the tensile curve is affected by neu-
tron exposure.

4.1. Tensile test results

The tensile tests were taken from [26]. Fig. 1 shows the
engineering stress—engineering plastic strain curves of
Eurofer-97 irradiated at 300 °C to various dose levels and
tested at 300 °C. As it can be seen, as neutron fluence
increases a strong yield strength elevation together with a
significant reduction of ductility are observed. Above
about 1 dpa, plastic instability becomes evident, character-
ized by a premature necking occurring shortly after the
yield strength is reached. This observation is typical of
many materials experiencing dislocation channel deforma-
tion [6,9,12-15,29,41-47].

The occurrence of plastic flow localization was exten-
sively investigated by Byun and co-workers [6-11,16-19].
By analyzing a number of materials, irradiation and testing
conditions, they proposed a common stress criterion for
plastic instability corresponding to the true stress at neck-
ing. This critical stress, defined as the plastic instability
stress (PIS), is temperature dependent but remains unaf-
fected by irradiation [6,8,47—49]. In Eurofer-97 at 300 °C,
a PIS of =600 MPa is found. This is close to the yield
strength at which flow localization is observed in Fig. 1
(=635 MPa). However, this is not the case in all materials.
In particular, ferritic steels irradiated at 265°C up to
~0.25 dpa indicate an increasing PIS with neutron expo-
sure from 650 to 1070 MPa [50]. Also, contrary to what
was reported in [48], it is believed that the mechanical
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Fig. 1. Effect of irradiation on the flow curve at T, = 300 °C [26].

behavior at, or after, the onset of necking is not the same
for cold work and irradiation. The plastic flow instability
that appears for a cold worked specimen is still homoge-
neous without dislocation channel deformation, while in
an irradiated material this instability is resulting from a
heterogeneous deformation resulting from the dislocation
channel deformation [51,52].

4.2. Crack resistance test results at quasi-static loading
rate

Although less critical than brittle fracture, the upper
shelf behavior is also a parameter that is monitored to
ensure safe operation of nuclear components. Indeed, over
their normal operation life that occurs usually in the ductile
regime, structural components should not fail. It is gener-
ally considered that the material should exhibit a good
fracture resistance if the Charpy upper shelf energy level
remains above a specific value. Upon irradiation, very
often, a decrease of the upper shelf energy is observed indi-
cating a loss of tearing resistance. However, the remaining
crack resistance capacity is still high to avoid premature
failure. It was reported in [25] that the decrease of the
upper shelf energy level of Eurofer-97 is very small and
therefore, its tearing resistance is assumed to be little
affected. This was also observed on a number of other fer-
ritic/martensitic steels [53]. As it will be seen later, this will
not be the case.

While irradiation was found to have little effect on the
Charpy impact test at the upper shelf level [25,26], the
load—displacement test records indicate a drastic effect of
irradiation, in particular by a drastic reduction of the
deformation. Such test records provide a fingerprint of a
drastic change of fracture resistance. Indeed, the crack
resistance curves shown in Fig. 2 clearly show a tremen-
dous loss of tearing resistance, in contradiction with the
Charpy impact upper shelf data.

In Table 3, a number of parameters characterizing the
ductile fracture resistance were summarized. Both initia-
tion toughness and tearing resistance are affected. The sig-
nificant change occurs between 0.35 and 1.26 dpa. Below

Eurofer-97

0.35 dpa
Timag = Tiese = 300 °C

unirradiated

0.61 dpa

0 0.5 1 1.5 2 2.5 3
crack extension (mm)

Fig. 2. Effect of irradiation on the crack resistance curve of Eurofer-97 at
quasi-static loading rate.
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Table 3
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Crack resistance parameters of unirradiated and irradiated Eurofer-97 (quasi-static loading rate, ~0.3 kI m2s™1)

Id Test (°C) Dose (dpa) Jo (kI/m?) Jo (kJ/m?) J; (kJ/m?) J; (kJ/m? \/mm) Adeng (mm)
0 300 0 254 342 13.8 536 1.39
E97-07L 300 0.35 262 340 14.8 552 1.65
E97-62R 300 0.61 169 196 18.4 338 2.45
E97-15L 300 1.26 74 77 21.3 117 2.02
E97-39L 300 2.11 50 51 21.1 64 2.57

Jo.2: J-value at 0.2 mm crack extension.

Jo: J-value at 0.2 mm offset of the blunting line such as Jy,; = 40;Aa (where oy is the flow stress).

Ji: J-value at onset of ductile crack growth (J = J; + Ji/Aa).
Ji: J-value characterizing the tearing resistance (J = J; + Jiy/Aa).
Ad.pnq: final ductile crack extension at the end of the test.

~0.35 dpa, the effect of irradiation is negligible. Above
~1 dpa, the degradation rate decreases. These effects are
illustrated in Fig. 3 for both initiation toughness and tear-
ing resistance. Note that the solid lines shown in Fig. 3 are
not based on any model but are only trend curves. Similar
trend curves were reported by Little [54] and Mills [55] on
austenitic stainless steels, by de Vries on a martensitic steel
[56], by Mills [57,58] on Inconel X-750 and Ni-Fe-Cr
alloys and by Maloy et al. [59] on austenitic stainless steels,
9Cr-1Mo martensitic steel and Inconel 718.

The drastic decrease of crack resistance was not
expected from the Charpy impact data. Differences stem-
ming from notch acuity (V-notch versus crack tip) and
loading rate effect could be suspected. Because of the lim-
ited availability of irradiated material, it was decided to
examine first the loading rate effect by performing impact
fracture toughness tests on precracked Charpy specimens.
These tests are presented in the next subsection.

4.3. Crack resistance test results at dynamic loading rate

The procedure for crack resistance determination at
impact loading is identical to quasi-static loading. Here,
the reconstituted precracked Charpy sample is impact
loaded on an instrumented Charpy impact machine. The
Charpy impact hammer is positioned such that a fixed
amount of energy, more precisely 30 J for the unirradiated

750 T Eurofer-97

Tirrad = Tiest = 300 °C

500 tearing resistance, J;

250

Joo (kKJ/m?) 5 J, (kJ/m*Ymm)

0 0.5 1 1.5 2 2.5
neutron dose (dpa)

Fig. 3. Effect of irradiation on the initiation toughness, Jy, and tearing
resistance, J;.

material and 18 J and 20 J in the irradiated condition, is
available for crack extension. The load—time trace is trans-
formed to a load-displacement curve and further used to
calculate the J-integral. Using the measured specimen
dimensions, fatigue crack length and ductile crack exten-
sion, the crack resistance curve can accurately be deter-
mined. Note that the J-rate at quasi-static loading
corresponds roughly to about 0.3 kJ m 2s~! while at the
dynamic loading rate it corresponds to about 3 x 10’
kIm2s '

The quasi-static and dynamic crack resistance curves are
compared in Fig. 4 for two specimens reconstituted from
the same original Charpy impact sample (& = 0.61 dpa).
There is a clear difference between the two curves that can-
not be attributed to a statistical scatter. Another irradiated
precracked Charpy specimen with an accumulated dose of
1.33 dpa tested at room temperature exhibited a signifi-
cantly higher crack resistance than under static loading.
The effect of irradiation on the dynamic crack resistance
is shown in Fig. 5 for the two test temperatures, 25 °C
and 300 °C. Considering the inherent experimental scatter
(£15%), it can be stated that no significant difference could
be identified between the unirradiated and irradiated con-
dition. The parameters characterizing the initiation and
tearing resistance are summarized in Table 4. This clearly
supports the Charpy impact data that exhibited a very little
decrease of upper shelf energy upon irradiation. The notch
acuity effect can be excluded and it is expected that

1250 — Eurofer-97
Tirraa = 300 °C
Tyt = 300 °C
1000 T jrradiated @ = 0.61 dpa
= dynamic test
g 750
2 quasi-static test
=3
= 500 +
250
0 T
0 1 2 3

ductile crack extension, Aa (mm)

Fig. 4. Comparison of crack resistance behavior: quasi-static versus
dynamic (impact) loading.
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Fig. 5. Comparison of crack resistance behavior at dynamic (impact)
loading.

V-notched Charpy tests at static loading would exhibit sig-
nificantly lower absorbed energy than the impact loaded
ones. The decrease of fracture toughness resistance with
decreasing loading rate was also observed by de Vries
[60] on an irradiated stainless type 304 steel and was attrib-
uted to a change of fracture mode from dimple to inter-
granular. However, in our case, as it will be shown in the
next section, the fracture mechanism remains ductile.
While the consistency between Charpy impact data and
dynamic crack resistance results is clearly established, the
question arises why quasi-static loading shows a drastic
degradation of crack resistance while no effect is observed
at dynamic loading rate. Before attempting a reasonable
explanation, it is necessary to first understand the reasons
of such degradation at quasi-static loading. Indeed, the first

question that comes out is: Are the fracture mechanisms
similar? To answer this question, examination of the frac-
ture surfaces was carried out using a scanning electron
microscope to better reveal the underlying fracture mecha-
nisms.

5. Scanning electron microscopy examination of the
fracture surfaces

The precracked Charpy specimens used for crack resis-
tance measurements were examined by scanning electron
microscopy. First, all specimens examined show a typical
dimple fracture surface, characteristic of ductile fracture.
This clearly excludes any change of fracture mode with
irradiation; in particular intergranular fracture does not
occur. An example is shown in Fig. 6 where two fracture
surfaces from an unirradiated and an irradiated
(1.26 dpa) specimen tested in quasi-static loading rate are
compared. Although not quantitatively and systematically
investigated, the average dimple size decreases with irradi-
ation. Another observation can be made on the dimple
morphology. In the unirradiated condition, equiaxed dim-
ples are observed while they become shallower after irradi-
ation, probably as a result of shear deformation [61]. The
main difficulty for a quantitative characterization of the
dimple structure is that the fracture surface is not flat but
rather rough, a zigzag kind of fracture (see Fig. 7(b)).
The tendency to zigzag fracture increases with increasing
neutron exposure. As a matter of fact, while ductile crack

Table 4

Crack resistance parameters of unirradiated and irradiated Eurofer-97 at dynamic loading rate (=3 x 10° kJ m s~ ")

Id Tiest (°C) dose (dpa) Jo (kJ/m?) Jo (kJ/m?) J; (kJ/m?) Jy (kI/m* /mm) Adeng (mm)
E97-116L 25 0 523 671 140 856 1.92
E97-116R 300 0 428 556 52 841 2.27
E97-59L 25 1.33 506 676 86 940 0.78
E97-62L 300 0.61 389 462 60 736 1.11

e
File ; 7912.6F
Mag500X

Date : 2005/4/28
15KV WDI15mm

g 2005425 Fle: 79026
S\C_@ ISKV  WDISmm  Magl000X

(a) 0 dpa

(b) 1.26 dpa

Fig. 6. SEM fractography of the fracture surfaces exhibiting typical dimple fracture. Observation of equiaxed dimples (a) and combination of equiaxed

and shear dimples (b).
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(a) 0.35 dpa

(b) 2.11 dpa

Fig. 7. SEM fractography illustrating the zigzag fracture along specific planes characteristic of flow localization (@ = 2.11 dpa). The different crack zigzags

are ~45°-oriented with respect to the fatigue precrack plane.

extension occurs on the plane of the fatigue precrack nor-
mal to the applied stress (quasi-flat surface) in the unirradi-
ated and low dose irradiated samples, the fracture path
exhibits a more accidental profile involving cracking along
alternating shear planes [61]. The fracture surfaces are
shown in Fig. 7 for two specimens irradiated to 0.35 and
2.11 dpa; the specimens were slightly tilted to better reveal
their topography. As can be seen, these two pictures differ
mainly in the path of the crack extension. Above a certain
neutron dose level, say 0.5 dpa, step-like edges appear on
the fracture surface corresponding to an abrupt change
of the crack propagation direction. It is likely that this
change of fracture topography coincides with the onset of
plastic instability resulting from the occurrence of disloca-
tion channel deformation. This suggests a direct relation-
ship between crack resistance behavior and dislocation
channel deformation. Note also that the different crack zig-
zags in Fig. 7(b) are ~45°-oriented with respect to the fati-
gue precrack plane. So, one can suspect that the drastic
decrease of crack resistance with neutron irradiation can
be attributed to the change of fracture aspect from equi-
axed to shear dimples. This correlation between fracture
mode and crack resistance will be re-examined in the next
section.

Note that in Fig. 7, the lower part of the fracture surface
is cleavage; the actual crack extension from the initial fati-
gue crack front is given in Tables 3 and 4. These crack
length measurements were performed using an optical
microscope ignoring the sinuous aspect of the fracture sur-
face, e.g. shown in Fig. 7(b). Nevertheless, although this
aspect is not considered, the decrease of crack resistance
is still very severe.

Finally, examination of the irradiated impact-tested
specimens exhibits an equiaxed dimple fracture mode, sim-
ilar to the unirradiated fracture surface. The reasons of
such a difference in behavior with loading rate will be
examined in the next section. At this stage, one can state
that, as shown in Fig. 8 for the two samples reconstituted
from the same Charpy specimen irradiated to 0.61 dpa,
the ductile crack extension topographies ahead of the fati-
gue precrack differ significantly from one another.

6. Data analysis and interpretation

The preceding experimental observations, including
both crack resistance results and SEM examination, can
be summarized according to the following main question,
namely, why, upon irradiation, the J-R curve drastically

(a) static (heterogeneous shear)

(b) dynamic (homogeneous shear)

Fig. 8. SEM fractography illustrating the effect of loading rate on the fracture (¢ = 0.61 dpa).
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decreases at quasi-static loading but remains almost unaf-
fected at dynamic loading rate?

In the previous section, the SEM observations have
revealed a change of crack extension topography of the
quasi-statically tested specimens occurring when the defor-
mation mode turns into a dislocation channel mode of
deformation. This means that one can suspect the existence
of a close relationship between the flow localization
observed on the tensile curves and the reduction of fracture
toughness and tearing resistance.

For the material investigated here, unfortunately, no
TEM examination was carried out to clearly establish the
occurrence of dislocation channel deformation after irradi-
ation above =0.5 dpa. However, such observations were
already made on a similar 9%Cr martensitic steel, FS2H,
irradiated at 300 °C [14,15]. Therefore, the same phenome-
non is assumed to occur for the Eurofer-97 examined here,
supported by the tensile curves shown in Fig. 1. As already
mentioned, the main reason of irradiation-induced plastic
strain localization is attributed to the defect clusters
removal by dislocations moving in channels which delimit
the principal slip planes [1-3]. High stresses are usually
required to induce this phenomenon. The irradiation
defects acting as obstacles to dislocation motion will allow
reaching of the critical stress at which the pinned disloca-
tions are suddenly unpinned. In their motion, the latter will
remove most of the defects and consequently make the pas-
sage in the channel easier to subsequent dislocations. By
such a process, the material becomes inhomogeneous, i.e.,
a composite material with defects-free layers (soft material)
surrounded by a material containing defects (hard — as irra-
diated material) and the deformation is concentrated in
these narrow channels [62]. Computer simulations, using
dislocation dynamics, were also successfully used to help
understanding the underlying fundamental mechanism of
irradiation-induced localized deformation [22,24,63]. In
particular, the mechanism of channel formation was found
to be associated with dislocation pinning by the irradiation
defect clusters (staking-fault tetrahedrons and Frank inter-
stitial loops), followed by their unpinning as a result of
defect absorption by the dislocations and their cross slip
with increasing stress.

Most if not all of the experimental observations
reported in literature concern specimens quasi-statically
loaded in tension with relatively low stress triaxiality.
Ahead of a crack tip, with significantly higher stress triax-
iality, it is assumed that the same phenomenon would
occur, namely the plastic deformation will be concentrated
in narrow channels. It is known that the crack extension
process occurring according to the microvoid nucleation,
growth and coalescence mechanism is governed by plastic
strain and stress triaxiality. However, in a heterogeneous
material, hard with soft channels (see Fig. 9 for illustra-
tion), the plastic deformation is not homogeneous. As a
result, the interface between these channels and the hard
(as-irradiated) material offers a crack extension path
requiring a minimum of energy. Indeed, as illustrated in

irradiation defects (hard material) | o e Te . m'a&e{

strain incompatibility
at the interface
— easy void nucleation

Fig. 9. Illustration of the fracture path along cleared channels interface.

Fig. 9, because of material deformation incompatibility at
the interface, crack nucleation at the interface is promoted,
facilitating the passage of a crack due to an easy void
nucleation at intersecting slip bands [64]. This can reason-
ably explain the drastic degradation of the crack resistance
when channel deformation mode occurs. This is also sup-
ported by the SEM observations that indicate crack exten-
sion following a sinuous path. The step-like edges observed
on the fracture surface of Fig. 7(b) can be attributed to the
intersection of the dislocation channel bands. Indeed, TEM
observations on a number of materials indicate such inter-
sections, or channel networks [16,49]. This explanation is
also supported by a number of experimental observations
on fracture at interfaces or mismatched materials. Indeed,
the dislocation channel can be assimilated to a narrow
interface. In literature, most of the reported measurements
indicate a channel width of the order of 100-200 nm and a
channel spacing in the range of 1-3 pm [4,17,65]. The spac-
ing between channels was also reported to decrease with
increasing strain. The channel width was found to be inde-
pendent of the strain rate [4]. However, the strain rate
range that was considered in [4], i.e., 107°-10"*s~!, was
much smaller than what is considered in the present tests
(several orders of magnitude higher, 107*-10""s™!). Li
and Guo [66] performed detailed finite element calculations
to investigate the void growth and coalescence on a
bi-material interface. Their results indicate that plasticity
mismatch significantly affects the growth rate and coales-
cence strain of voids in bi-material interfaces. As a result,
the growth rate of voids at the interface is much higher
than in a homogeneous material. Another interesting inves-
tigation was performed by Tschegg et al. [67] by testing a
bi-material, ferrite—austenite.

The crack resistance curve was found to significantly
decrease when the crack is very close to the interface.
Although not directly related to the dislocation channel
deformation, these results clearly support the fact that
the observed severe crack resistance degradation can be
rationalized in terms of crack extension in a highly hetero-
geneous (interface-like) material.

The rational outlined above to explain the experimental
observations, namely the severe degradation of crack resis-
tance cannot be considered complete if the loading rate
effects are not explained. It was shown in Fig. 4 that the
crack resistance increases with loading rate. By contrast,
Fig. 5 indicates obviously that the dynamic crack resistance
remains unaffected by irradiation. This raises the question
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if the loading rate has an effect on the development of frac-
ture under plastic strain localization?

It is known that the crack resistance is increased by the
loading rate [68—72]. This elevation of crack resistance can
be explained by the state of local stress—strain conditions
prevailing ahead of the crack tip. Detailed finite element
calculations performed by Koppenhoefer and Dodds
[73,74] clearly show that the increase of tearing resistance
can be associated with a loss of constraint, or loss of triax-
iality, that occurs at dynamic loading rates. Narasimhan
and co-workers [75-78] also performed detailed numerical
investigations on this issue. The elevated stresses at the
crack tip generate high stresses in the remaining ligament
leading to a greater plastic work elsewhere in the specimen.
This so-called background plasticity is higher under
dynamic than under static loading rate, and therefore
requires additional work to fracture resulting in an
extended plastic zone size ahead of the crack tip. In our sit-
uation, at static loading rates, the dislocation channel
deformation is limited to a small zone ahead of the crack
tip where the fracture path is facilitated by the near pres-
ence of a heterogeneous soft/hard interface where microv-
oids can easily nucleate. Indeed, because of plastic strain
incompatibility induced by large stress concentrations at
the interface between the channel and the unaffected matrix
material, formation of small voids occurs, thus destroying
the continuity of the matrix and degrading its bearing abil-
ity. At dynamic loading rates, this zone is extended such as
a large part of the material ahead of the crack tip is soft-
ened by the dislocation channeling process, increasing
thereby the tearing resistance. Indeed, at impact loading,
the strain rate ahead of the crack tip can reach very high
values, typically in the order of 10°-10* s~! [73,79-84]. This
leads to an increase of local temperature (adiabatic pro-
cess) that might promote annealing of the irradiation
defects [2]. During high strain rate deformation, a signifi-
cant increase of the effective temperature is usually
expected as a result of intense heating due to the dissipation
of plastic deformation work [85-87]. Due to experimental
difficulties for measuring temperature at the crack tip dur-
ing a very short duration, there are not many reported
quantitative data on temperature elevation. However, tem-
perature increases in the range 100-1000 K were reported
in literature [86,88,89]. Rossoll et al. [81] reported a tem-
perature increase at the notch root of a Charpy impact
specimen of more than 200 K. Theoretical simulations pre-
dict very high temperatures of the order of a few hundreds,
that increase with strain up to above 1000 K [86,87]. How-
ever, given the short time duration over which such a tem-
perature increase may occur, it is believed that this is not
enough to induce locally a full thermal recovery leading
to an unchanged crack resistance behavior.

Another mechanism, the so-called dislocation-free
deformation mechanism introduced by Kiritani and co-
workers [90-94] and occurring at very high strain rates —
typically above about 10°s~! — is examined. This was
related to the formation of a high density of point defect

clusters, more specifically vacancy clusters [93], that occurs
at high strain rates. The plastic deformation proceeds then
by a simultaneous shift of positions of many atoms, with-
out involving dislocations. However, this is not supported
by the computer simulations performed by Schiotz et al.
[95,96] despite the confirmation of the high vacancy
concentrations experimentally observed by Kiritani et al.
[90]. The non-observation of dislocations was explained
by the formation of a dislocation-free zone close to the
crack tip [95]. So, the plastic deformation is believed to
occur according to the classical dislocation mechanism.
The deformation mechanism was reported to change,
around 10*s™!, from a heterogeneously distributed group
of dislocations to a random distribution [93]. Indeed, at
low strain rates, glide dislocations are stopped by other dis-
locations leading to the development of a dislocation cell
structure. At much higher strain rates, dislocations are con-
sidered to be stopped by obstacles other than dislocations,
most probably vacancy clusters, leading to a random distri-
bution [93]. In this mode of deformation, plastic deforma-
tion seems to occur uniformly in the matrix by the
simultaneous sliding of numerous planes rather than by
localized slide motion of dislocation [92]. All these descrip-
tions reported in literature are consistent with the present
experimental observations.

Because higher peak stresses are reached in a larger
plastic (process) zone, more dislocation sources will be
activated. As a result, the defect clearing mechanism
observed inside the channels would occur in a larger vol-
ume when the loading rate is increased. This will induce
a more dense dislocation channeling activity and conse-
quently a larger volume of defect-free material in which
ductile fracture occurs in a homogeneous manner by the
classical microvoid coalescence process similar to the unir-
radiated material.

It is also likely that the mode of failure changes from the
classical opening mode I to a mixed mode I-II when
decreasing loading rate from dynamic (impact) to quasi-
static. This is illustrated in Fig. 10 which shows the interac-
tion of a crack tip with a dislocation channel. It is known
that mode mixity, for example I-II or I-III, decreases the
fracture resistance in comparison to mode I alone [97-
100]. Hence, under predominant mode II loading, the
J-integral value is reduced because of the localization of
plastic deformation into a narrow band ahead of the crack
tip [98]. Indeed, the reduction of the hydrostatic stress com-
ponent has an important implication on the void growth
and failure of the ligament by microvoid coalescence
[97,101]. In mode I (opening loading mode) high stress tri-
axiality promotes void growth and fracture occurring by
void link-up through necking of the inter-void ligaments
until impingement. In mode II (shear loading mode), voids
experience limited void growth due to low stress triaxiality
and final link-up between voids occurs through shear local-
ization of plastic strain in the ligaments between voids. The
SEM micrographs shown in Figs. 6(b) and 7(b) support
such a fracture mode. However, in the present case, the
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Fig. 10. Ilustration of the local crack tip conditions promoting the crack propagation along interface.

profile of the crack path is accidental rather than propagat-
ing at a constant angle with respect to the crack plane in a
homogeneous material because the dislocation channel
bands are arbitrary oriented according to specific slip
planes [102,103]. This explanation contributes also to
understand the fracture behavior of the irradiated material
under both static and dynamic loading rates.

It was already mentioned that the upper shelf energy
was essentially unaffected by irradiation. In Fig. 11, the
load-time test record of an unirradiated Charpy sample
is compared to the irradiated one (time is put in a logarith-
mic scale to better illustrate the similarities and differences).
Both specimens exhibit a typical ductile fracture in the
upper shelf regime. As it can be seen, both curves are
quasi-similar, in particular in the tearing part. The main
difference is essentially located in the initiation part below
~1ms. Fig. 11 clearly suggests that the initial phase of
crack initiation — below 1 ms — in the irradiated material,
modifies the material ahead of the notch/crack and that
further crack propagation occurs in both unirradiated
and irradiated material in a very similar way. This clearly
indicates that testing modifies the material properties.

Finally, it is important to outline some possible conse-
quences of such a behavior, namely the change of fracture
mechanism with irradiation and loading rate. Although the
work presented here is based on a 9%Cr tempered martens-
itic steel, it does not exclude its occurrence in other materi-

Eurofer 97
Ty = 300 °C

25 — irradiated 1.50 dpa (E,popeq = 247 J)

irrad

unirradiated (E, g peq = 243 J)

load (kN)

time (ms)

Fig. 11. Comparison of load-time records of Charpy impact tests at upper
shelf upon irradiation.

als including ferritic steels. It is therefore important to
carefully examine Charpy impact data of materials where
flow localization occurs. As a matter of fact, high fluence
irradiation promotes such a phenomenon. Also heteroge-
neous materials such as a heat affected zone (HAZ) of pres-
sure vessel steels should be carefully examined. Under
certain circumstances, it is possible that the HAZ can offer
a preferential path for fracture propagation at quasi-static
loading rate although the Charpy impact tests will not indi-
cate effects of irradiation. There is also an important topic
related to specimen size. For a long time, there was a ten-
dency to miniaturize test specimens that are used to evalu-
ate the mechanical properties of fusion materials [104-113].
Indeed, it is known that in the case of the International
Fusion Materials Irradiation Facility (IFMIF), the high
flux irradiation region will not exceed 0.51 [114-117]. To
rationalize the available irradiation space, the use of mini-
ature specimens is obvious. However, the use of small sam-
ples may induce a loss of constraint that can locally modify
the structure and lead to apparent high toughness. There
was also much attention paid to the small punch test and
many correlations were established between the DBTT
measured from Charpy impact data and small punch tests
[118-129]. However, as shown in this work, these correla-
tions might be biased by the loading rate. It is important
to make sure that the deformation and fracture mecha-
nisms are not affected by using small specimens that expe-
rience significant loss of constraint.

7. Summary and conclusions

The work presented in this paper clearly demonstrates
the importance of combining various mechanical proper-
ties together with different microstructural observations
to unambiguously characterize and understand the mate-
rial behavior under irradiation. It is shown that in presence
of irradiation-induced plastic instability, the crack resis-
tance of the material is severely reduced under static load-
ing but not under dynamic (impact) loading. This is the
reason why the DBTT-shift measured using Charpy impact
data was systematically found smaller than the fracture
toughness transition temperature shift.
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Two important questions were raised by the experimen-
tal results presented in this work. First, why does the crack
resistance curve drastically decrease upon irradiation under
static loading? The second question is why at dynamic
(impact) loading rate, the crack resistance remains unaf-
fected by irradiation?

For both questions, the answer is intimately related to
fracture micro-processes that develop ahead of the crack
tip, in particular the flow localization resulting from dislo-
cation channel deformation.

Under static loading, because of the occurrence of dislo-
cation channel deformation, the material becomes inhomo-
geneous and ahead of the crack tip, it behaves like an
interface. Consequently, because of the deformation
incompatibility at the interface between the defect-free
channels and the surrounding as-irradiated material, void
initiation is promoted offering therefore an easy crack
propagation path. Moreover, since the dislocation channels
are arbitrarily orientated, a mixed (I + II) mode rather that
mode I fracture will dominate ahead of the crack tip. It is
the mixed mode (I + II) ahead of an interface material that
is primarily responsible for the drastic degradation of the
static crack resistance.

However, under dynamic (impact) loading, there are
two additional phenomena that should be considered.
Firstly, the inertial effects induce locally adiabatic heating,
therefore an increase of the local temperature that pro-
motes the recovery of the material properties. Secondly,
the inertial effects induce high peak stresses and therefore
high plastic zones ahead of the crack tip, which induce a
significant loss of constraint. As a result, a higher density
of dislocation channel bands may develop because more
dislocation sources are activated. As a result of the combi-
nation of high local temperatures and material volume
which is free of defects, the material ahead of the crack
tip behaves such as the unirradiated material.

The explanations provided in this paper offer a rational
to all the experimental observations carried out in this
work, including tensile, Charpy impact, fracture toughness
and crack resistance properties and scanning electron
microscopy of the fracture surfaces. They are also sup-
ported by a number of studies found in literature such as
the fracture behavior of interface (or bi-)materials and frac-
ture under mixed mode. In this respect, heterogeneous
materials such as irradiated heat affected zones should be
carefully examined to avoid preferential crack propagation
along the interface.

Finally, it is essential to emphasize the importance of the
loading history on the fracture mechanisms. In particular,
it was shown that Charpy impact data can experience a sig-
nificant loss of constraint to induce recovery of the fracture
properties. By extension, attention should be paid when
examining fracture toughness test data using quasi-stati-
cally loaded miniaturized specimens. Indeed, a loss of con-
straint is promoted by the reduction of the specimen size
that can locally modify the structure and lead to apparent
high toughness.
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