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Abstract:

A material model integrating a description of viscoplastjcductile damage and brittle fracture
is used to simulate both the impact (Charpy) test and thehtwegs (CT) fracture test. The model
is calibrated on the Charpy data obtained on an unirradiats@B CI.3 steel. It is then applied
to irradiated material assuming that irradiation affectiely hardening. Comparison with Charpy
energy data for different amounts of irradiation shows thatliation probably also affects brittle
fracture. The model is then used to predict N1, ., shifts for different levels of irradiation.

Introduction

The main way to determine the effect of the degradation byat@d on the mechanical
behavior of the RPV steels is the use of tensile and impacar{@f tests, from which a
reference index temperature as the DBTTIgy;and its increase due to neutron irradiation
can be calculated. The safety integrity evaluation basefdamture toughness lower bound
is then performed assuming that the shifR3kpt due to irradiation is equal to the shift of
the embrittlement indicators. This equivalence is of fundatal importance to structural
integrity assessments of RPVs since such assessments ac dradracture toughness
properties which are not generally measured directly. Howsweere studies have shown
large scatter in the relation betweAfk, ,,, and Charpy transition temperature shifts [1].
Therefore it is important to understand this relation usmiggromechanical models of
fracture.

Within the frame of local approach to fracture, a micromenta analysis of the Charpy
test in order to model the DBT curve was proposed, among ofBgrdy some of the
authors [3]. Assuming that the average cleavage stress setature dependent beyond
a given temperature, it is then possible to predict the whdiar@/ energy curves [4],
including the large scatter observed in the DBT range. Thitegy allows one to transfer
the results of the tests to larger structures and furthetutbyshe effect of different damage
mechanisms as irradiation or ageing on the DBTT. The aim sfghidy is to predict and to
compare the shifts of index temperature obtained from Ghamprgy and fracture toughness
curves using a micromechanical description of the damangepses.

Effect of irradiation on thetransition curve and hardening properties

For a given fluence and irradiation temperature, irradiation—induced ertibritent is
strongly dependent of the material chemical compositiorng apecially on Cu, Ni, P

1o the fluence (n.cr?) of neutrons (E-1 MeV)



content [5], volume fraction of copper being an importamtda in the hardening-induced
embrittlement due to the defects. On the physical point ofvyigadiation produces fine
scale microstructures which obstruct dislocation motidn Jéhe mechanisms that produce
these obstacles can be separated into two groups at a maioEvel [6, 7] : (i) hardening
mechanisms, (ii) embrittlement, one of the most well-knowd avell-described being
phosphorous segregation at grain boundaries [6]. Hardemeghanisms include matrix
and age hardening. Matrix hardening is due to radiatiomipeed point defect clusters
and dislocation loops, referred to as the matrix damageriboitiopn [7]. Age hardening
is an irradiation—enhanced formation of copper—rich émies. These two hardening
mechanisms cause an increase of the yield strength wheregghmirous segregation causes
grain boundaries embrittlement without any increase of iesd and may be responsible
for intergranular fracture [8]. It should be underlinedttiide micromechanical models
developed in this study do not consider the embrittlemernthefgrain boundaries due to
phosphorous segregation. Intragranular cleavage is &sstmbe the prevailing mechanism.

Considering that the main irradiation effect is an increzEfd¢be hardening properties, two
main cases for this effect on the material stress—strawveonere found in the literature and
are schematically drawn on Fig. 1a. The first case (dashee talveled irr. 1) considers that
the whole stress-strain curve of the unirradiated mategighifted to higher stress values by
Aoy, i.e. the strain hardening of unirradiated material doedliffir from strain hardening
of irradiated material [9, 10]. This case was also expertalgnobserved on ferritic alloys
irradiated at 288C by electron irradiation [11]. The second case considers@ease of
the yield stress ofA\oy but that the ultimate tensile stress (UTS) remains almodfeostad
by irradiation (dotted curve labeled irr. 2), i.e. that theess-strain curve in the plastic
range is substiancially flatter than in the unirradiateddtioons. This case is reported for
materials (ferritic, martensitic) irradiated by neutraoradiations at low temperatures [12]
and its importance increases with decreasing irradiatimpézature [13]. At high irradiation
doses, it is also suggested that neutron irradiation hasitasieffect as plastic strain on the
strain hardening rate [14].

E 180 T T T T
A508CI.3,[16] 'm
160 AB08CI.3! [16 .
@ — A508CI.3, [15] +
T 1401
S 120k UTS—oy
t|>> 100} .
) QD 8o Aoy -
- 60 . -
¢
b>'] J 40 /,/l'/ -
< 20 — Aoy = 32.460051 .
0- | | | | |
0 1 2 3 4 5 6
® (10'° n/cn)

Figure 1: a) Two hypothesis concerning the evolution of the tress after irradiation. b)
Evolution of Aoy and UTSey as a function of the irradiation flux for an A508 CI.3 steel
(base metal)Test= 300°C) [16].



The choice of the appropriate case is undoubtly stronglyedéent of the material
considered: in the interpretation of irradiation effeatd@wv temperature fracture toughness,
the second case was considered for an A533B steel [17] wheneas the first case for an
A508 CI3 steel in [10].

The variation of the yield stress and the difference betwkernuttimate stress and the yield
stress for an A508 ClI.3 steel from the french surveillance anog 15, 16] with a chemical
composition close to the unirradiated material considendtis study and their evolutions
with irradiation flux are reported on Fig. 1b. The variatiortltéd yield stress with fluence is
well represented by a power-law expressifay = hd". A value of 0.51 is obtained far
which is representative of the low doses regimes [12]. Datastam Fig. 1b show that the
first case is the most satisfactory hypothesis for fluenceoup10°n/cn? (i.e. Aoy ~ 80
MPa for the steel investigated) even if tHd S— oy value sligtly decreases with increasing
radiation fluence. Therefore the first case will be the onlytoe&ted in the present study.

Considering both the impact and fracture toughness priegeiit is well known that
irradiation embrittlement induces an increase of the DBT,T6[18, 10, 17, 18]. Moreover,
for impact properties a general trend is a decrease of therghelf energy (USE). Based on
experimental evidences, linear correlations between yless increase under irradiation
and the DBTT shift on Charpy energy curvéslxy = axAoy, have been proposed in the
litterature. In the French surveillance program, the gifitihe indexTsg; is considered [8]
whereasT,1; is used in the American regulations. From the experimenthiegagiven
in [5, 8, 16, 19] linear correlations betweeélsg;, ATs13 and Aoy for various RPV
base metals was establishefiTsg; = 0.60Acy and AT413= 0.53Acy (see Fig. 2). The
ATsgj correlation will be considered as the reference experinhelaiabase to which the
predictions developed in this study for Charpy tests will benpared. For the fracture
toughness tests, the level of 100 MAa, which is also considered in the Master curve
approach to define the reference temperatige,will be used. Based on the fracture
toughness test simulations the predicted shift of the ini&_ 100 due to irradiation will
be determined and compared to the shifgg .

Modelling of the ductile to brittle transition

The behavior of the reference unirradiated A508 steel of shisly is presented in the
following. The material model consists of three parts: (i)leenperature and strain rate
dependent viscoplastic model describing the behavior efuhdamaged material, (ii) a
model for ductile tearing, (iii) a model for brittle failure

The viscoplastic behavior has been described in [20]. Thdehis identified for strain
rates between 1 and 4000 s?, temperature between196 and 300C and plastic strains
up to 1.0 using the Bridgman analysis.

The model for ductile failure is presented in [21] and is netailed here. A modified
Rousselier model, which is able to handle strain rate and eeatyre dependence, is used
to model void nucleation and growth and final failure. The tbum$/e equations lead to
softening up to crack initiation and propagation so that &eml scale length is required.
In the following, this lengthh, is identified to the mesh size which must be adjusted. The
model was fitted using notch tensile bars (NT) at room tempezdB]. The following model
parameters were usegz = 0.89,Dr = 2.2 andh = 100um.

The description of brittle failure is derived from the Belianmodel which is adapted
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Figure 2: Evolution of temperature indexésl;1; andATsgy as a function ofAoy for base
metal.

to account for: (i) the partial unloading of the specimen whiem crack propagates, (ii)

the temperature dependence of the model parameters whichcaesalered as constant
in the original model. The full description is given in [4]h& parameters of the model for
brittle fracture have been identified using notched tertgls (NT) tested at low temperature
(T < =150°C): m=17.8, k=4 ando, = 2925 MPa.

The transition is modeled by simulating ductile tearing bpghost—processing the results
in order to obtain the brittle failure probability. Theretigerefore no specific model for the
transition. However it is necessary to use a phenomenolodggeEndence with temperature
for o, above a threshold temperature £80°C) to model the sharp upturn of the Charpy
transition curve [4] (Fig. 4). This apparent effect of temgiare on the cleavage mechanism
is not the scope of this paper. The simulation is based on iite #lement (FE) method.
Details can be found in [3].

Simulation of the ductileto brittle transition

Using the previously described models and the hypothesis thea effect of neutron
irradiation on DBTT shifts can be quantitatively assesseadrims of the effects of radiation
on the yield properties of the material, it becomes possiiaodel the effect of irradiation
on the ductile to brittle transition and to forecast quatitiely the Charpy energy or fracture
toughness versus temperature curves.

In order to simulate the whole DBT curve, FE modelling of Chavpyotch and
CT specimens have been carried out in the temperature rgrde€rC : +100°C] and
[-100°C : +100°C], respectively. The increase of yield stress due to iatmh in the
whole temperature range investigated is then needed. A fistoach is to consider
that the hardening observed at one temperature is the sarttee iwhole temperature
range [10]. Hereafter the flow stress of the unirradiated nats modified by adding a
contribution representing the irradiation effect which xpessed asAo3? x g(T) where
Ac$°0 is the increase of the yield stress at 300andg(T) a function of the temperature
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Figure 3: Prediction oATsg; andAT413 Three hypothesis are used for the parameter
(i) constant value (low temperature value for the unirretiamaterial), (ii) temperature
dependent, (unirradiated material), (iii) temperature and irraddatdependent, (Fig. 4).
Thin lines indicate the experimental range.

identified on experimental results [16]. Full 3D computaidhave been made for both
geometries. Calculations are then post-processed in éodsimulate the ductile-brittle
transition behavior.

Simulation of the Charpy ductile to brittle transition curve

In a previous study [22], the Charpy transition curve wasusated for different values of
Aoy, i.e. for different amount of irradiation flux, equal to 45vlarradiation level), 88
(mean irradiation level) and 150 MPa (high irradiation lgvé&or irradiation levels higher
than those reported on Fig. 1b and u@\tm, = 150 MPa, it is supposed that the saturation in
irradiation hardening or the change of deformation mode2B2are not active which seems
to be confirmed by the data for an A533B steel reported in [12].

As a general trend, the increase of the flow stress has two qoesees: (i) stresses in
the material increase causing earlier brittle failurg,tfie macroscopic load on the Charpy
specimen increases causing an increase of the dissipategl/en the ductile regime so that
the USE also increases. The USE is computed by propagatingithiéectrack through the
whole Charpy specimen.

Results for the shifts obtained on the reference tempeastifsg;andATy13are reported
on Fig. 3. As the trend observed for both temperature indeseesimilar, comments will
focus on theATsg; index (Fig. 3a). For the thre&oy values considered, it is shown that
ATsgjis always underestimated assuming thats unaffected by irradiation. Assuming that
Oy is a constant equal to the low temperature value for theadhismted material (2925 MPa)
gives a conservative estimation®fsg;.

To obtain the correct temperature shift given in Fig. @phas to be assumed to be also
affected by irradiation. The parameter for the irradiateatarial is expressed asi'" =
O'U(T +AT¢;).



Figure 4: Variation ofo, as a function of temperature for the unirradiated matendlfar
irradiation level corresponding to an increase of the ys#ldss equal to 45, 88 and 150 MPa.
Arrow indicates the temperature shifiJe, caused by irradiation.

The shiftATe depends on the level of irradiation, it is calculated in otdeepresent the
experimental correlatioATsg;— Aoy (Fig. 2b) and is given in Fig. 4 for the three considered
values ofAoy. Itis shown in Fig. 3b, that the prediction fAff413is in reasonable agreement
with experimental bounds up to the maximmy considered in this study (150 MPa).

Simulation of the fracture toughness ductile to brittle transition curve

The same methodology has been applied to simulate the featdbughness curve: the
evolution ofo{jr determined to fit the correlatiahilsg;— Aoy was applied to predict the shift
of Tkic,100 as a fonction ofAay. The ability of the model to predict fracture toughness for
the unirradiated material using tbg(T) relation obtained from Charpy data was shown in a
previous study [24]. As in this study no tests have been peddron the A508 CI3 steel after
irradiation, data from literature on similar materials [18] were used for comparison with
the model predictions. The effect of irradiation on the tshiff the reference temperature,
Tkic,100is reported on Fig. 5 .

For Aoy = 45 and 88 MPa, a good agreement is obtained between the medéaitons
and available experimental data (see Fig. 5 a and b). Algc 100 shift values obtained
considering the 50% failure probability prediction are agpd on each graph and a
comparison witl\Tsg;is made in tab. 1.

The predictedATk c,100 values are higher than the shiffslsey, i.e. ARTnpt. The

Table 1: Comparison betwedéTsg;and predicted\Tk c 100 shifts

Aoy IMPa | ATsey/ °C | ATkic,100/ °C | ATkic,100— ATsey/ °C
45 27 49 +22
88 53 73 +20
150 90 104 +14
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Figure 5: Comparison of the unirradiated and irradiatedlipted fracture toughness curve
bounds of neutron-irradiated A508 cl.3 steel as a functioneafiperature for different
increases of the yield stres8gy. a) Aoy = 45 MPa, b)Aoy = 88 MPa, c)Aoy = 150
MPa. The calculated temperature shifts at 100 MRereferring to the unirradiated state are
reported on each graph.The ASME curves are represented for irradiated material in thick
line (RTYAN = —27°C)

difference decreases with increasihgy .

The shiftATkc 100 being more important than the shifilsg; (ARTNpT) from the result
obtained from the methodology developed in this study, treservatism of the ASMK ¢
curve has to be checked for the irradiated material. The AMEurve is plotted on each
graph of Fig. 5) (thick line) using th&Tsg; values given in tab. 1 and the initi ,{,J'Bi{r =
—27°C. Itis shown that in the investigated range/afy, the model predictions are always
less conservative than ASME curve which remains a lower bousgitethat the shifts
obtained from the predicted fracture toughness data aheehtgan those predicted from the
Charpy impact data.

Conclusions and discussion

The ductile to brittle transition characterized by the @lyatest and Compact Tension
fracture toughness test has been modeled in the case of a RBMusing constitutive
equations for viscoplasticity, ductile tearing and beitthilure. The transition curve of the
based unirradiated material can be modeled provided tlzeero, of the Beremin model
is considered to be an increasing function of temperature.

Irradiation hardens the material causing an increase o$tilesses thus causing earlier
brittle failure. This effect cannot account for the whole esimental reference temperature
shift ATsgs It is therefore necessary to consider that irradiatioa affects the position of the
ou(T) curve on the temperature axis. Irradiation effect is tharvedent to a cooling of the
material, theo,(T) curve being shifted towards higher temperatures. The mieohanical
mechanism needs however to be identified.

Using the value ofoy(T + ATe) determined from Charpy data, the shifts of fracture



toughness index temperature for different level of handgebrresponding to different level

of irradiation were found to be higher than the correspondimiffs obtained from Charpy
energy curves. The difference decreases with increasimgherg. However the ASMK|¢
curve WithARTnpT = ATsggremains a lower bound for the CT(1T) fracture toughness data.
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