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Abstract

Irradiation embrittlement studies rely very often on Charpy impact data, in particular the ductile-to-brittle transition
temperature (DBTT). However, while the DBTT-shift is equivalent to the increase of the fracture toughness transition
temperature of ferritic steels, it is not the case for ferritic/martensitic steels. The aim of this study is to critically assess
experimental data obtained on a 9%Cr—ferritic/martensitic steel, Eurofer-97, to better understand the underlying mecha-
nisms involved during the fracture process. More specifically, a dedicated analysis using the load diagram approach allows
to unambiguously reveal the actual effects of irradiation on physically rather than empirically based parameters. A com-
parison is made between a ferritic and ferritic/martensitic steel to better identify the possible similarities and differences.
Tensile, Charpy impact and fracture toughness tests data are examined in a global approach to assess the actual rather
than apparent irradiation effects. The adequacy or inadequacy of the Charpy impact test to monitor irradiation effects
is extensively discussed.
© 2006 Elsevier B.V. All rights reserved.

PACS: 61.80.Hg; 61.82.Bg; 62.20.Mk; 81.40.Np; 81.70.Bt

1. Introduction with Pellini drop-weight test which in turn corre-

lates well to the lower bound fracture toughness

For historical reasons, the Charpy impact test
was used to monitor irradiation effects of reactor
pressure vessel ferritic steels, in particular to deter-
mine the ductile-to-brittle transition temperature
(DBTT). This transition temperature, indexed to a
specific energy-level, was found to correlate well
with the nil-ductility temperature (NDT) obtained
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curve [1-3]. As a consequence, until today, the
Charpy impact test is used as a reference test in
the reactor pressure vessel community. In particu-
lar, most of irradiation effects are evaluated in terms
of the change of DBTT, usually measured at a fixed
energy level although, in a few cases, this procedure
was questioned [4,5]. The Charpy-based DBTT was
also questioned by Odette and Lucas [6] for ferritic/
martensitic steels. Hence, correlations such as those
established for ferritic steels are not available for
ferritic/martensitic steels and these are not necessa-
rily applicable to the latter.
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The last decade has seen the generalization of the
use of fracture toughness measurements with small
size samples associated to the master curve
approach. The method was extensively applied to
ferritic steels, validated and an ASTM standard
was established [7]. In general, the irradiation-
induced shift of the fracture toughness transition
curve is found in agreement with the shift of
the Charpy impact transition curve. However, the
correlations that were established and their valida-
tion were demonstrated for ferritic steels. It was
implicitly admitted that such correlations still hold
for ferritic/martensitic steels which indeed present
many similarities with ferritic steels.

With the recent fracture toughness results on fer-
ritic/martensitic steels for the fusion technology, it is
found that the DBTT-change of such steels does not
reflect the actual irradiation embrittlement. In other
words, the shift of the fracture toughness transition
curve is systematically greater than the shift of the
Charpy-based DBTT change [8-10]. It should be
noticed that this is not only inherent to the material
specificity, namely ferritic versus martensitic, but
the neutron dose range of RPV ferritic and fusion
martensitic steels are very different, the end-of-life
neutron exposure of an RPV (ferritic) steel is one
to two orders of magnitude less than for the fusion
blanket ferritic/martensitic steel.

Within the SCK-CEN fusion activities, an impor-
tant effort is carried out for characterizing irradia-
tion effects on the European reference ferritic/
martensitic steel, Eurofer-97 [8,11,12]. In Fig. 1, we
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reproduced the Charpy impact transition curve
behavior with increasing neutron dose. Two obser-
vations can already be made. First, the shift of the
transition curve is quite small in comparison to other
materials for the neutron exposure under consider-
ation, in particular with respect to ferritic steels. Sec-
ond, the shape of the transition curve is sharper in
comparison to ferritic steels. As it will be seen later,
the shift of the fracture toughness transition curve is
significantly higher than the DBTT-shift.

The main objective of this paper is to analyze the
reasons of such a behavior. The concept of the load
diagram approach will be used to more accurately
define the material behavior using physically based
parameters. Also, a detailed comparison between
martensitic and ferritic steel will be made to better
understand their respective behaviors. Finally, the
adequacy or inadequacy of using the Charpy
impact test to monitor irradiation effects of ferritic/
martensitic steels will be critically evaluated to
better assess these materials in terms of structural
integrity.

2. Material and experimental conditions

High chromium ferritic/martensitic steels have
received a lot of attention by the fusion community
during the last decade. These steels were originally
developed a half century ago for high temperature
applications such as boilers, steam generators and
turbines [13]. They were evaluated also in neutron
environments for application in in-core fission
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Fig. 1. Charpy impact energy transition behavior of Eurofer-97 for various neutron doses [8,12].
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reactor structures such as ducts and cladding. a consequence of the induced hardening. Indeed,
Finally, they were also considered as potential can- following the Davidenkov diagram, the temperature
didates for fusion applications, such as the first wall at which the critical stress for initiating fracture is
and breeding blanket structures. The properties of reached increases with increasing hardening. The
such steels were continuously improved to fit the irradiation embrittlement is quantified by the
severe requirements of a number of technological increase of this temperature. In practice, Charpy
applications. Other requirements related to disposal impact tests are used to determine the ductile-to-
of radioactive waste led to the development of the brittle transition curve from which the transition
so-called reduced- (or low-) activation ferritic/mar- temperature, DBTT, is derived. The DBTT is usu-
tensitic (RAFM or LAFM) steels by substituting ally defined at the midpoint between the upper-
the highly activation elements such as Mo, Nb, Ni and lower-shelf levels. This definition was adopted
by low activation elements W, V, Mn and Ta. One by the fusion community to evaluate the DBTT.
of such a material is Eurofer-97, a 9%Cr-1%W Because of the use of subsized Charpy specimens,
ferritic/martensitic steel. It was developed in Europe an extensive experimental work was done to vali-
and it is extensively investigated within the Euro- date these geometries [23,24].
pean fusion research program [8,10-12,14-22]. The Considering the experimental data shown in
microstructure is typically fully martensitic with lath Fig. 1, the DBTT was determined in the unirradi-
shaped martensite subgrains [16]. The chemical ated and the three irradiated conditions. Note that
composition and the heat treatment history of this the same trends as in Fig. 1 are observed when the
material are given in Table 1. results are plotted in terms of shear fracture appear-
This material was irradiated at 300 °C for three ance or lateral expansion.
dose levels at the BR2 reactor. Details on the irradi- Fracture toughness tests were also performed on
ations conditions can be found elsewhere [8,11,12]. this material in the unirradiated and the three
A number of mechanical properties were already irradiated conditions. The results are shown in
reported in [8,12] including tensile, Charpy impact Fig. 2 together with the probability bounds as
and fracture toughness. Some additional tests, in defined by the master curve procedure. The test tem-
particular dynamic tensile and fracture toughness perature is normalized by the reference temperature,
tests, were performed to better define the material T'100 Mpa m- Although originally developed (and val-
behavior. idated) for ferritic steels, the master curve procedure
is assumed to be applicable for ferritic/martensitic
3. Background steels. As it will be seen later, this assumption is
believed to be valid if fracture remains typically
In the following, we consider only bcc materials brittle, without ductile crack extension preceding
which exhibit a transition from ductile (stable) to cleavage. In Fig. 3, we compare the DBTT-shift to
brittle (unstable) fracture as a function of tempera- the T'0ompa ym-shift, indicating clearly the bias
ture. Two terms are usually used to reflect the introduced by the Charpy impact test for the three
effects of irradiation on the mechanical properties, neutron exposures. Other transition temperatures
namely, hardening and embrittlement. The first based on the shear fracture appearance and lateral
one expresses the fact that the nano-size defects expansion lead to a similar bias.
induced by irradiation act as obstacles to disloca- This observation of the underestimation of the
tion motion increasing thereby the yield strength. transition temperature shift when based on the
Hardness and tensile tests are usually used to quan- Charpy impact data is not specific to Eurofer-97 steel,
titatively evaluate the irradiation hardening. The neither to irradiation conditions. Indeed, other
second one, embrittlement, expresses the effect of materials and irradiation conditions have shown
irradiation on the fracture resistance, which is also such a behavior. For example, the 12%Cr-1Mo
Table 1
Chemical composition (wt%) and heat treatment of Eurofer-97
Material C Ni Cr Mo Cu Si Nb A\ P Mn w Ta Fe
E-97 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.

Heat treatments: normalized at 980 °C/1 h 50 min, tempered at 740 °C/3 h 40 min.
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Fig. 2. Fracture toughness in the transition regime of unirradiated and irradiated Eurofer-97.
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Fig. 3. Significant difference between DBTT-change (ATky, ATv e, ATs0v) and Tigompa ,/m-shift.

ferritic/martensitic steel, HT9, irradiated at 200 °C
to a neutron dose of 2.9 dpa exhibited a DBTT-shift
measured with KLST-type specimens of 169 °C
while the shift of the fracture toughness transition
curve, AT oompa,/m» Was found equal to 251 °C
[25].

These differences are usually not observed on
ferritic steels which normally remain within 415%-
deviation. The question arises whether this is due
to the material (ferritic versus martensitic) or to
the irradiation conditions (low versus high dpa).
In the following, it will be clearly established that
these differences are basically inherent to the data
analysis procedure and not to the material or irradi-
ation conditions.

In the following, advantage will be taken from
the load diagram approach that allows a more
fundamental analysis of the Charpy impact data
together with the tensile properties.

4. Load diagram approach

The load diagram approach, originally developed
by Fabry, is considered as a powerful technique to
describe the actual mechanisms of flow and fracture
in a Charpy impact test [26-28]. Indeed, instru-
mented Charpy impact test data allow to construct
a diagram in which both flow and fracture proper-
ties and the associated fracture surface characteris-
tics are taken into account in a unique way.



R. Chaouadi | Journal of Nuclear Materials 360 (2007) 75-91 79

Details on the procedure can be found in [26]. As an
illustration, Fig. 4 shows the load diagram of Euro-
fer-97 in the unirradiated condition. The upper part
of the diagram is based on the characteristic loads
derived from the load-time records and the lower
part shows the shear fracture diagram. These two
diagrams are uniquely associated.

As a result, the temperature dependence of the
flow properties, the microcleavage fracture stress
and the crack arrest properties of the material are
clearly identified. Thus, a number of characteristic
temperatures can be defined, but in contrast to
classical DBTT parameters, these temperatures are
physically based. For example, the temperature at
which fracture occurs at the general yielding, 77,
characterizes the upper temperature at which frac-
ture is fully brittle (SFA = 0%). Another tempera-

1250 7 Eurofer-97
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Gy static

ture, To, can be defined as the temperature above
which fracture is fully ductile (SFA = 100%).
Another characteristic temperature, Tnpr, that
was found to be correlated to the nil-ductility tem-
perature, can be defined. Finally, the microcleavage
fracture stress can also be derived from such a dia-
gram as it is proportional to the general yield stress
at T1. The load diagram offers a unique description
of the flow and fracture properties of a material as a
function of test temperature.

The characteristic parameters, determined using
the load diagram approach for Eurofer-97 as a func-
tion of neutron dose, are given in Table 2. Note that
the microcleavage fracture stress does not change
with irradiation indicating a similar fracture micro-
mechanism. The relative change of the various tran-
sition temperatures are shown in Table 3. Besides
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Fig. 4. Load (stress) diagram with its associated SFA diagram of Eurofer-97. At T, fracture occurs at general yield. Below T7, fracture is
fully brittle (SFA = 0%). Above To, fracture is fully ductile (SFA = 100%).
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Table 2

Load diagram parameters of Eurofer irradiated at 300 °C

Dose (dpa) oarn (MPa) ac (MPa) T: (°C) To (°C) Tnpor (°C) FATT (°C) T100mpa m (°C)
0 595 2320 —110 -35 —58 —56 —115

0.33 690 2338 —80 -20 -50 =36 =77

0.71 780 2356 —60 =25 -50 =31 —62

1.55 875 2301 =20 10 =20 5 —14

oatn: athermal yield strength; o.: microcleavage fracture stress; 77 brittle initiation temperature (when fracture occurs at general yield); To:
temperature at onset of upper shelf; 7npr: Charpy crack arrest temperature; FATT: transition temperature corresponding to 50%-shear

fracture appearance.

Table 3
Temperature shifts of the load diagram parameters

Dose A TI A TO A TNDT AFATT A Tl 00 MPa \/m
(dpa) (°C)  (°C)  (°O) O O

0.33 30 15 8 20 38

0.71 50 10 8 25 53

1.55 90 45 38 61 101

the parameters derived from the load diagram,
the fracture toughness transition temperature,
T'100MPa /m» 18 also indicated. As shown in Fig. 5,
ATy corresponding to a fully brittle fracture (0%
SFA) correlates well with the AT gompa/m. This
clearly indicates the inadequacy of a DBTT concept
based on an arbitrary energy-, SFA- or lateral
expansion-level. By contrast, a physically based
transition temperature seems to be more adequate.
Indeed, the tests on which Tgp mpa ,/m is determined
fail mostly in a fully brittle manner. It is thus not
surprising that it correlates well with 77. Fig. 6
shows such a correlation on a number of ferritic
(mainly RPV steels) as well as ferritic/martensitic
steels.

125 ~

5. Ductile-to-brittle transition temperature

The degree of irradiation embrittlement is usually
associated with the change of the transition temper-
ature evaluated from Charpy impact tests. This
transition temperature is conventionally evaluated
at an arbitrary level of absorbed energy, shear frac-
ture appearance or lateral expansion. Most of
available transition temperatures are based on an
arbitrary level of the absorbed energy [29] although
no physical meaning can be associated with such a
transition temperature. In the fusion community,
these temperatures are commonly evaluated at
50% of the upper shelf plateau or at a level midway
between the lower and upper shelves [8-12,30-46].
In some cases, the DBTT is evaluated at a fixed
energy level [47-49]. Originally, this definition was
chosen by Corwin et al. [50] to validate the use of
subsized Charpy with respect to standard Charpy
specimens. The same DBTT-definition was used
later by Louden et al. [51] to investigate the size
and configuration (notch versus crack) of HT9.
Later on, this definition was adopted by many
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Fig. 5. Comparison of the different transition temperature indexes. Very good agreement is found between AT09mpa /m and ATy,
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investigators for determining the transition tempe-
rature. However, the transition curve (shape and
position with respect to temperature) varies from
one material to another [14,39,40,50,52-55], is
affected by the specimen geometry and configura-
tion [51,56] and does not shift in a homologous
way [9,33,57-59], and therefore cannot be defined
by a unique parameter. This is shown in Fig. 7
which clearly illustrates the shape change of the
transition curve with irradiation. Therefore, the
DBTT-shift as evaluated at a specific level of energy,
shear fracture appearance or lateral expansion will
depend on this specific level. On the other hand,
the fracture toughness transition curve is uniquely
defined by a single transition temperature, arbitrary

measured at 100 MPa /m (see Fig. 2). The shape of
the Charpy impact transition curve can be modified
by irradiation while the fracture toughness transi-
tion curve is not. As a result, the shift of the transi-
tion curve does not depend on the fracture
toughness level at which the transition temperature
is determined. This means that depending of the
reference level that is chosen to define the Charpy
impact transition temperature (DBTT), the correla-
tion between the latter and the fracture toughness
transition temperature will be affected. This will be
demonstrated later.

It is important to notice that the underestimation
of the DBTT-shift using Charpy-V notched speci-
men with respect to fracture toughness is not due
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Fig. 7. Change of the transition curve shape with irradiation.
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Fig. 8. Variation of the DBTT with the energy fix.

to the effect of notch acuity, as suggested by Rens-
man et al. [10] but it is inherent to the procedure
of DBTT determination. The critical conditions
for crack initiation are not altered by the notch. It
is also believed that the disagreement between
Charpy-V impact and fracture toughness transition
shifts is not resulting from loading rate effects. As
clearly illustrated by Fig. 7, it is the DBTT defini-
tion that plays the key role. Depending on the
energy fix that is used to determine the DBTT, the
shift with respect to the reference unirradiated state
will be different. This is shown in Fig. 8 where the
DBTT is plotted as a function of the energy fix.
As it can be seen, the DBTT in the unirradiated
state varies much with the energy fix and the under-
estimation of the DBTT-shift observed in the
previous section is mainly due to the initial DBTT
misevaluation. By decreasing the energy fix, reduc-
ing thereby the ductile crack extension contribution,
the difference between Charpy impact and fracture
toughness transition temperature shifts decreases.

These results emphasize the importance of a well-
interpretation of the experimental results and
conclusions on irradiation embrittlement resistance
drawn from Charpy-based DBTT (standard as well
as subsized specimens) should be considered with
caution [49].

6. Comparison between ferritic and
ferritic/martensitic steels

The deviations between Charpy impact and frac-
ture toughness transition curves were observed on

many others martensitic steels [9,25,53,54]. As
already mentioned, the use of the DBTT derived
from the Charpy impact data to monitor irradiation
embrittlement was originally used for RPV ferritic
steels. It is therefore interesting to compare the
mechanical properties of a martensitic steel
(Eurofer-97) to those of a ferritic steel (18MNDS5,
a typical reactor pressure vessel steel with 0.18C,
0.25Si, 1.55Mn, 0.008P, 0.002S, 0.18Cr, 0.13Cu,
0.50Mo, 0.64Ni wt%) with a tempered bainitic
microstructure. The grain size is also different,
~9 um for Eurofer-97 and ~22 pym for 18MNDS5.
The 18MNDS5 experimental data were taken from
[60]. Fig. 9 shows the Charpy impact energy transi-
tion curves of both steels. The ductile-to-brittle
transition curve of I8MNDS is much smoother than
Eurofer-97. In addition, the upper shelf energy level
of 18MNDS5 is significantly lower than Eurofer-97.
Similar trends are shown by the transition curves
based on the shear fracture appearance (Fig. 10)
and lateral expansion. Based on classical transition
temperature parameters, Figs. 9 and 10 are suggest-
ing better toughness properties of the Eurofer-97
than of the 1ISMND5. Moreover, the tearing resis-
tance of Eurofer-97 is higher than for 18MNDS5.
As already indicated, the shape of the Charpy
impact transition curve varies from one material
to another. The shape of the curve is believed to
stem from the micromechanical processes acting
during fracture of the Charpy specimen. Indeed, it
is known that, from the observation of a fracture
surface, many processes coexist during the fracture
of a Charpy specimen [26]. In the transition regime,



R. Chaouadi | Journal of Nuclear Materials 360 (2007) 75-91 83

300 .
250
200

8 (@)
>
%0 150
=
)
100 # ferritic/martensitic
steel (Eurofer-97)
50 O ferritic steel
(18MND5)
O T 1 % 1 1 % 1 1 1 1 % 1 1 1 1 {
-200 -100 0 100 200 300
temperature (°C)

Fig. 9. Charpy impact energy transition curve: Eurofer-97 versus 18MNDS5.
100 + O0—0 O—0
75 T+

S
Z 50 T
e
0
# ferritic/martensitic
25 + steel (Eurofer-97)
O ferritic steel
(18MND5)
0 - ey
-200 -100 0 100 200 300

temperature (°C)

Fig. 10. Charpy impact SFA transition curve: Eurofer-97 versus ISMNDS5.

this includes successively ductile crack initiation,
stable crack growth, unstable (brittle) fracture,
crack arrest and finally shear lips formation [26].
Of course, the relative contribution of each individ-
ual process varies with the test temperature. For
instance, in the lower shelf, at sufficiently low tem-
perature, no ductile crack growth is observed while
at the upper shelf, only ductile cracking occurs. The
load diagram can help identifying the various
contributions. These diagrams for both Eurofer-97
and 18MNDS5 materials are compared in Fig. 11.
The characteristic parameters are summarized in
Table 4. As it can be seen, these two steels present
many similarities but also some differences that are
described in the following.

The temperature 77 of both steels is very similar
suggesting similar condition for brittle fracture. The
fracture toughness transition temperatures of both
steels are also very similar (see Fig. 12), in accor-
dance with Fig. 6. The microcleavage fracture stress
of Eurofer-97 is higher than of 1I8MND)S indicating
a better resistance to cleavage initiation. The strain
rate sensitivity of Eurofer-97 is higher than of
18MNDS5. The temperature range of the transition
region is shorter for Eurofer-97 than for
ISMNDS. In particular, the onset of the ductile
upper shelf occurs at a lower temperature for
Eurofer-97 in comparison to 18MNDS. Similarly,
the crack arrest properties of Eurofer-97 are supe-
rior to those of I8SMNDS. It is known that grain
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Fig. 11. Load diagram of Eurofer-97 in comparison to 18MNDS5 and their associated SFA-diagram.

Table 4
Characteristic parameters of Eurofer-97 versus 18MND5
Material Gath Oc Ty To TnpT FATT T'100 MPa y/m Jo.2dyn Jrdyn

(MPa) (MPa)  (°C) (°0) (°0) (°0) (°0) (kJ/m?) (kJ/m” /mm)
Eurofer-97 595 2342 —110 -35 —58 -56 —115 428 841
ISMNDS5 590 2081 —115 33 =25 -3 —119 372 637

boundaries offer an important resistance to cleavage
crack resistance. This is related to the high angle
grain boundary misorientation of the martensitic
microstructure which improves the crack arrest per-
formance of cleavage microcracks [61-63]. Unfortu-
nately, no detailed microstructural examination was
performed to better relate the microstructure to the
mechanical properties.

As expected from the upper shelf energy levels,
Eurofer-97 has a better tearing resistance than
ISMNDS. This is confirmed by the crack resistance
curves shown in Fig. 13. These are the main differ-

ences when comparing Eurofer-97 to ISMNDS5 and
this is illustrated in Fig. 14. After the maximum load,
for Eurofer-97, a small increase of the test tempera-
ture promotes ductile fracture rather than cleavage.
This has to be associated with a better cleavage resis-
tance of Eurofer-97. The flow properties being com-
parable, cleavage initiation is more easily reached in
ISMNDS5. Indeed, because of the higher micro-
cleavage strength of Eurofer-97, a small increase
of temperature significantly reduces the probability
of cleavage fracture. This explains also the shape of
the transition curve of Eurofer-97 that is steeper
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Fig. 13. Crack resistance behavior at 300 °C at dynamic loading rate: Eurofer-97 versus ISMNDS5.

than for I8SMNDS. The steepness of the transition
curve over a narrow temperature range can be eval-
uated through the difference T — 77, which is 75 °C
and 148 °C for Eurofer-97 and 18MNDS5, respec-
tively. A steep transition curve is also characteristic
of a clean microstructure, Eurofer-97 containing less
second phase particles than 1SMNDS5. As a result,
the probability of finding a microstructural defect
under stress—strain conditions favorable for cleavage
initiation is higher in 18MNDJ5. The comparison
between Eurofer-97 and 18MND)S in terms of frac-
ture toughness transition temperature and crack
resistance parameters were also indicated in Table
4. The transition temperatures 77 and T'10o mpa/m
are in very good agreement. The differences between

To, Tnpt and other classical transition temperatures
(based on energy, SFA and lateral expansion) are
reflected by the differences between both the cleav-
age and ductile crack resistance performances of
Eurofer-97 and 1SMNDS5.

Lucas et al. [54] have raised the question on the
shape of the transition curve and the underlying role
of microstructure. It is clear that the shape of the
transition curve is related to the microstructure of
the material and to the competition between cleav-
age and ductile fracture. Grain size, density and
size of the particles (inclusions, carbides) and
other precipitation hardening and impurity segrega-
tion play a role in the way fracture occurs in
the transition regime. Unfortunately, the materials



86 R

Chaouadi | Journal of Nuclear Materials 360 (2007) 75-91

\\\ Gu /
~ e /
75 ~<_/
29T Eurofer-97 ~%_ 18MND5
W 7/ \\
2 SFA 7 ,/
= 7/
N A /
é 0.5 JRe //
= // Ve
g JRe c. »°
= Ve 2.
20.25 T ’ ///
//
O 1 A——-A— 1 % 1 1 1 1 % 1 1 1 1 {
-100 -50 0 50

temperature (°C)

Fig. 14. Main differences between Eurofer-97 and ISMNDS in the transition region.

investigated here were not examined from the
microstructural point of view. Nevertheless, some
information found in literature for Eurofer-97
[16,17] indicates a microstructure consisting of laths
of tempered martensite of about 0.5 um wide, MnS-
inclusions, Ta-rich inclusions and few more other
inclusion types with their size respectively in the
range of 1.2-1.7 um, 1.2-1.7 um and ~4 pm. Cr-rich
precipitates, M,3Cq-type, finely dispersed along
lath interfaces and prior austenite grain boundaries
and sometimes inside subgrains were identified, with
their size ranging between 0.06 and 0.3 um, 0.05 and
0.2 um, 0.5 pm, respectively. For the 18MNDS5,
MnS inclusions are typical for these materials
and the carbides are mainly Mo,C-type. Also M;C
cementite precipitates can be found. Although
quantitative measurements on 18MNDS5 are miss-
ing, the size of the inclusions is usually higher than
the particles found in Eurofer-97 (from few pm to
few tens of um).

At T, the fracture is typically cleavage, resulting
from an unstable propagation of a microcrack
initiated at a brittle trigger particle. The high local
stress/strain conditions prevailing at the crack tip
process zone induce microcracks at inclusions and
carbides. Most of microcracks will arrest into the
adjacent matrix material and the microcracks eligi-
ble for propagation are those with sufficient large
size favorably oriented to induce a macroscopic
cleavage fracture. The matrix material is tempered
martensite and tempered bainite for Eurofer-97
and 18MNDS, respectively. Based on the material
parameters shown in Table 4, in particular the
microcleavage fracture stress, Eurofer-97 requires

higher local stresses, or equivalently a higher frac-
ture surface energy, to induce cleavage. This can
be microstructurally associated with the size and
density of particles present in the material [64].
Examination of the load diagrams shown in
Fig. 11 suggests that the particle density and distri-
bution in Eurofer-97 is more uniform and homoge-
neous than in I18MNDS. This means that in
Eurofer-97, the temperature range over which cleav-
age fracture may occur after stable crack extension
is narrow. By contrast, in 18MNDS, because of
the heterogeneous particle distribution, this temper-
ature range of cleavage fracture preceded with duc-
tile crack extension is larger. This is also consistent
with the superior crack arrest and crack resistance
properties of FEurofer-97 in comparison to
18MNDS5. It is believed that the nature, size and
distribution density of the particles present in
Eurofer-97 provide a good compromise between a
good strength and a good crack resistance to both
cleavage and ductile fracture. It is the combination
of fine precipitate dispersion of carbide particles
in a tough tempered martensite that provides
Eurofer-97 with such good properties. On the other
hand, an eligible particle for cleavage initiation after
ductile extension can easily be found in ISMNDS.

In conclusion, to explain the difference between
the transition curves of Eurofer-97 and 18MNDS5,
two main factors can be put forward:

1. Eurofer-97 (with a tempered martensite micro-
structure) has a better resistance to both brittle
and ductile cracking than 18MNDS (with a tem-
pered bainite microstructure);
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2. the abrupt transition curve of Eurofer-97 in com-
parison to 18MNDS5 can be related to the size,
density and distribution of the second phase
particles present in the materials (inclusions, car-
bides). It is believed that a much finer and
uniform distribution of particles is present in
Eurofer-97 than in 18MNDS.

It is interesting to examine also the tensile pro-
perties of Eurofer-97 and 18MNDS as in literature
these are often correlated with the fracture resis-
tance behavior. The tensile curves of Eurofer-97
and 18MNDS5 are shown in Fig. 15. As it can be
seen, the yield and ultimate tensile strengths of both
steels are comparable, only elongations and work
hardening are different. Examination of Table 4
and Fig. 15 clearly shows that the elements that
are usually put forward to improve fracture tough-
ness, namely, a high work hardening capacity and
high uniform and total elongations, do not system-
atically lead to an improved fracture resistance.
Despite a lower work hardening capacity and lower
elongations, Eurofer-97 exhibits a significantly bet-
ter crack resistance than I8MNDS5. This is not
specific to the materials examined here but was also
observed on other materials and test conditions [53].

The Charpy impact transition curve is also used
to estimate the material tearing resistance. Indeed,
the upper shelf energy level is assumed to be propor-
tional to the tearing resistance, the higher the upper
shelf energy, the higher the ductile initiation tough-
ness and tearing resistance of the material. How-
ever, this is true as far as the same fracture
mechanisms are concerned and ignoring possible

0T =25

500 +
Eurofer-97

250 +

Ferritic/Martensitic Steel

loading rate effects. For example, in Fig. 1, the
upper shelf energy is little affected by irradiation.
However, crack resistance measurements performed
on statically loaded precracked three-point bend
specimens indicated a drastic decrease of initiation
toughness and tearing resistance (see Fig. 16) [65].
This drastic degradation of the tearing properties
result from a change of the fracture mechanism
(presence of plastic flow localization) associated
with loading rate effects. This phenomenon, out of
the scope of the present paper, is reported elsewhere
[65].

7. Discussion

Examination of the results presented in the previ-
ous sections clearly emphasizes the importance of
combining the various mechanical properties to
better understand the material behavior. Conclu-
sions on irradiation effects solely based on tensile
tests or DBTT measurements should be considered
with caution. Only a global approach integrating a
number of mechanical (flow and fracture) properties
can provide a reliable assessment of the material
degradation.

In the following, this global approach will be
illustrated on a typical example of Eurofer-97 irradi-
ated at 300 °C up to 1.55 dpa. The load diagrams in
both the unirradiated and irradiated conditions are
shown in Fig. 17. The increase of the athermal part
of the yield strength results in an increase of the
transition temperatures 77, Tnpt, To and Tsgy,.
The shift of 77 measures the brittle transition
temperature increase and can be compared to the

Ferritic Steel
18MND5

engineering stress (MPa)

o, G, g g

Eurofer-97 557 670 5 20 80
18MND5 546 686 9 22 75
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engineering strain

Fig. 15. Engineering stress—strain flow behavior: Eurofer-97 versus 18MNDS.
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Fig. 17. Effect of irradiation on the load diagram of Eurofer-97.
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shift of the fracture toughness transition curve,
AT;00mpa ym- The lack of work hardening capacity
measured by Ao, = oyrs — g, where oyts and gy
are the ultimate tensile and yield strength, respec-
tively, of the irradiated material indicates its suscep-
tibility for plastic flow localization. The latter is not
necessarily reflected by the Charpy impact data as
measured by the difference between the maximum
stress, o, and the general yield stress, gy, namely,
Ao = 6, — 04y Indeed, the static upper shelf tough-
ness can be much more affected than what the upper
shelf energy might suggests. A change of ductile
fracture mechanism is suspected to occur when
loading rate is changed [66].

The mechanisms of brittle (cleavage) fracture
initiation in ferritic/martensitic steels are not so
different from those operating in ferritic steels. As
a result, the master curve procedure can be applied
to characterize fracture toughness in the transition
regime. However, the shape of the master curve
could be different in the upper transition region.
Indeed, in the unirradiated condition, the load
diagram analysis and the ductile crack resistance
measurements indicate a possible abrupt increase
of fracture toughness in the upper transition regime.
Experimental measurements using large specimens
would be very helpful to examine if the fracture
toughness transition curve shape can be represented
by the master curve. On the other hand, for the irra-
diated condition, because of the irradiation-induced
plastic flow localization, the fracture mechanism is
affected and may influence the shape of the master
curve. Further investigations are required to verify
if the shape of the master curve is changed or not.

Contrary to initially designed, the Charpy impact
test is not anymore used as a screening test to
evaluate effects related to material chemistry, heat
treatment, environmental effects. Nowadays, it is
involved in the definition of the appropriate
material that can be used in extreme operating con-
ditions. An illustration on the possible misinterpre-
tation of the use of Charpy impact data is given by
the very known figure due to Kohyama et al. [67]
showing the effect of chromium content on the
DBTT-shift of ferritic/martensitic steels (see also
[68]). This figure indicates a minimum DBTT-shift
around 9%Cr-content and therefore is often used,
among other interesting properties, to justify the
choice of 9%Cr-steels in irradiation environments
[38,68]. It is likely that the actual DBTT-shift is little
affected by Cr-content and the observed DBTT-shift
is biased by the DBTT determination procedure.

The effect of increasing Cr-content modifies the
microstructure of the steel from a ferrite (bainitic)
one to a tempered martensite around 9%Cr. Above
10%Cr, the microstructure is not a fully tempered
martensite but contains some d-ferrite as well. In
ferritic steels, the DBTT is evaluated at a much
lower energy level, usually 41 J for RPV steels. This
explains why ferritic steels do show a good correla-
tion between the Charpy-based DBTT-shift and the
fracture toughness based transition temperature
shift but not for the tempered martensitic steels.
The 9%-Cr steels with respect to low-Cr steels have
certainly a number of interesting properties such as
corrosion, creep and swelling resistance but not for
irradiation embrittlement.

Investigations directed towards the effect of
chemical composition, tempering heat treatment
and irradiation should not be based solely on the
DBTT alone. Other parameters including the tensile
properties and detailed Charpy impact data analy-
ses are required to unambiguously characterize the
materials. Anomalies such as those reported in
literature on the inconsistency between DBTT-
change, upper shelf energy change and yield
strength increase [25,58,59,69-72] can be clarified
if examined in a consistent approach combining all
available properties. Finally, it is important to
mention the large interest of using miniature speci-
men test techniques, in particular the small punch
test [73,74]. The small punch test data are usually
correlated to Charpy impact data to assess fracture
in the transition regime. Careful examination of
these tests should be carried out before reliable infor-
mation on the effects of irradiation can be extracted.

8. Conclusions

There is a long tradition in the scientific commu-
nity to monitor irradiation effects on mechanical
properties of structural materials by examining the
shift of the DBTT measured using Charpy impact
data. It is shown in this paper that depending on
the definition of the DBTT, the conclusions that
might be drawn can be very misleading. Combining
all available properties in a consistent manner, such
as the load diagram, can be very helpful in better
understanding the material properties and also
provides a quality control tool of the experimental
results. Alternatively, the level at which the DBTT
is evaluated should be decreased to a level where
fracture is typically brittle. Another parameter
derived from the Charpy impact data is the upper
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shelf energy that usually correlates well with the mate-
rial resistance to ductile crack extension. It is also
found here that this is not always the case. In particu-
lar, in presence of plastic flow localization, the upper
shelf energy largely underestimates the decrease of
ductile initiation toughness and tearing resistance.

This work has clarified the importance of using
physically based rather than empirical parameters
to monitor irradiation effects on the mechanical
response of ferritic/martensitic steels.
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