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Abstract

The hardening and the emltlement under neutron irradiation cil RPV steel consideritiyree
different coarse grainednicrostructureg(bainite, bainitemartensite and martensifghave been
investigated Bainite and martensite have a comparable irradiation induced temperature transition
shifts but hardening is small&rr martensitethan for bainite.Bainite appears to be less sensitive to
non-hardening embrittlemen{NHE) than martensitd.he onset of brittle intergranular fracture after
irradiationfor the martensitiomicrostructureis likelythe origin ofthis difference of sensitivity to
NHE However, he bainiticmartensitic microstructurdnas the largest irradiation induced shift aisd
the most sensitivéo NHEamongst all the tested microstructureshese results shothat the
microstructure is a importantparameter tocontrol the irradiationinducednon hardening
embrittlement and theenhancement of the brittle intergranular fractuie reactor pressure vessel
steek.
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1. Introduction
The reactor pressure vesg&PVpf nuclear power planis aheavy component built by welding thick
partslike rings nozzles and domashichis be submitted to neutron irradiationDuring the
fabrication procesdow alloyRP\&teels are quenched to obtain a bainitic microstructurd8ecause
of the thickness of the wall of theesselthe cooling rate during the quenafariesfrom few tensof
degrees per minutes in theentreto few degrees per second at thvicinity of the surface of the shell
[1]. In addition, macro and micro segregation inherited of the solidification of the ingot miodifjly
the chemical composition of the stefgl]. Welding of the different parts of the vessel and the
cladding deposit in the inner face introdudiéferent heataffected zonegHAZ)with coarse and
refined grainsConsequentlythe microstructureand the initial mechanical properties anet
uniform through the wall thicknesand along the axis of the vesséls an example, the transition
temperature can vary adeveral tens of degrees through the thickne3s].
It has been identified since many years teamhulatedcoarse grainedheat affected zonepresent a
larger susceptibility to thermal ageing than other microstructuctukdswever, this tendency to
embiittlement appears to be smaller for real HAZT].
In a previous study, the response of differeofarse grainednicrostructures of a A533 type steel to
step cooling heat treatment have shown a larger susceptibility of martetssiemper
embrittlement and the enhancement of intergranular fracture for the microstructures containing
martensite. Augeanalyses havindicated the segregation of P on the prior austenite grain
boundaries of the martensitic microstructur8]| It wasalso observed for a DIN 22NiMoCr37 RPV
steel themally aged a 520°C, that coag®ined martensite @sents mixed transgranular and
intergranular fracture for notch specimens as the fracture for the bainite remains, after ageing,
transgranular cleavadg®]. Recently, the sensitivity of martengitbearing microstructuresgo thermal
ageingof A508type steelswithout prior coarsening of the austenite grdias been demonstrated
(7], [10].
Neutron irradiation, in general, increases only slightly the P sedi@gat grain boundaries anbn-
hardeningembrittlement of RPV base metals is lali{13]. Howeversomecases of irradiation
enhancement of brittle intergranular fracture (BIF) are reported in the literatureéhierformally
calleddwesterré RPV base atals (A302, A508 and A533):
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- Increase in BIF and of the phosphorus coverage of the grain boundaries is reported for a
A533B with a content of 0.017%wt of phosphorus and heat treated to simulate heat
affected zone with coarse grains (> 280)[11].

- Onsetof Rittle Intergranular Fracture (BIF)0% of the total surface) was observed after
irradiation on a A533 B base metal with a content of 0.017%wt of phosphbflis [

- Onset of BIF after irradiation on a low phosphorus A302B type steel heat treated tiatgmu
a heat affected zonelp].

- Increase in BIF surface and of the phosphorus coverage of the grain boundaries is reported
for a P doped A538B (570 ppm)16]

For these cases, it appears that the factors triggering the irradiation enhanced BIF isevéligi P
content and/or a coarse grained microstructyseoduced by austenitization at high temperature.

In this studywe investigate tle microstructuralconditionsof the non-hardening embrittlement and
the enhancemenbf BIFobservedunder irradiationat RP\servicetemperature In this objective,
three different microstructures (bainite, baindimartensite and martensite) with coarse graimsve
beengeneratedfor the same RPV steel by changing the cooling rate during the quench. Their
hardening and embrittlement under neutron irradiati@ne investigated

2. Material
Thematerialused in this study isimilarto a16MNDS5 type steekquivalent toA508Cl.3type steel
It comes froma forged nozzle ahits chemicalcomposition is given in Table Ih.this as received
condition, the microstructure is a granular bainiféhismicrostructural statés a monitor and is not
considered in the discussion of the effect of the microstructure.

Table 1
Chemical composition (vét)
C Mn Ni Mo Si Cr Al S Cu P

0.25 1.29 0.72 0.49 0.23 <0.05 0.035 0.080 0.030 0.014

In order to select the cooling rates to obtairettlifferent microstructures, constant cooling
transformationdiagram(CCTdf these steel has been determined (Fig. 1). The critical cooling rate of
the ferrite is between 0.3 and 1 °C/s and the critical cooling rate of the bainite is between 10 and 20
°C/s. Rinite and martensite cexistbetween 3 and 10 °C/8ecause of theuwstenitization at 1100°C
during %2 h, lte prior austenite grain size approximatively ofL00nm. Typical microstructures for
different coolingrates arepresented in figure2.



900

_ - AC1=720
----- r< -
600 T

500 +

400 T

Temperature (°C)

300 T

200 1

100 T

0,1 C/s

0

1 10 100 . 1000 10000
Time(s)

Fig.1Continuous cooling transformation diagram (austenitizattd®0°C, %2 h). The dotted lines
represent the critical cooling rates of the different phases.
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Fig. 2.Micrographs after quenching and tempering at 1 (a, b), 5 (c, d) and 30 (e, f) °C/s showing the
effect ofquenching rate on microstructure.



Using the CCT diagram (Fig. 1), it has been decided to produce three different microstructures
containing respectively 100% of bainite, 100% of martensite and a mixtlr&mfe andmartensite.
Fifteen and hirty millimetresthick gdates were cut from the nozzle to gparethe different
microstructures. The materialwasaustenitzed at1100°C during %2 h then quenetiat different
cooling rates in order to produceartensite,bainite-martensiteand bainite. Theaimedcooling
rateswere respectivelyqual t00.5, 5 and50°C/s.During the quencheshe actualcoolingrates

were monitored by thermocouples amid thickness of the plate The averagef the measured
cooling rates at mid thicknes®etween 700 and 300°&@e, respectively for the three cooling
conditions 0.4,3 and 37 °C/sAfter the quenchthe plateswere tempered at 610°C during 20 hours
in order to simulate the postveld heat treatment (PWHTAfter cooling at room temperature in air,
some of the martensite and bainit@lates were thermally agetthanks toa step cooling heat
treatment (Table 2.

Table 2.Step cooling heat treatment

Temperature (°C) 600 540 525 500 470
Time (hours) 1 15 24 48 72

Small flat énsile and sutsize Charpypecimenswere machined from the heat treated plates mid
thicknessTensile specimens have a section of 2x1 mm and a gage length of 8 mm. The subsize
Charpy specimens have a length of 27 mm and a section of 3 x 4 mm. The notch is 1 mm deep
Part of the specimensvere irradiated in OSIRIS reactor aD28up to a fluence 0f7.75.10" n/cm?

(Eh > 1 MeVYor tensile specimens and of 8.580" n/cm? (Eh > 1 MeVYor subsize Charpy
specimens

3. Results

Tensile results:

For the bainitic and martensitimicrostructures, respectively notdgland M a large range of
temperature was investigated, from the liquid nitrogen temperature up to the irradiation
temperature.As commonly observed, the dependence of the yield stress with temperature is mainly
affectedby irradiation through the athermal stress for both microstructures. However the athermal
stress increase is smaller for martensite @Pa) than for bainite§9 MPa).

For the other nicrostructures two tests at room temperaturbave been performedefae

irradiation, as expected, the martensite is harder than the bainihe bainiticmartensitic
microstructure(BM)is in an intermediatesituation. A simple mixing law applied to the yield stress
indicates that the part of bainite is close to 65% whichnifair agreement with the estimation that
can be deduced from the CCT diagram.

Ageing step cooling treatment does not change significantly the yield stress of the ijamikéPa)

but a softening i®bservedfor the martensite(-21 MPa) A similar evolution is observed on the
ultimate tensile stress (U.T.9n.the following, the aged bainite and the aged martensite will be
referredasBA and MAmicrostructures

Thecomparisorof the yield stresses before and after idiation is presentd in table3: it appears

that the higher is the initial yield stress, the smaller is the increase of yield sttesasreceived
material (ARpas the lowest initial yield stressd ultimate tensile stress (U.T.S.) Bhbwsthe

largest hardeningfter irradiation.

The relation between the increase of yield and ultimate tensile stresses and the respective initial
value are presented in figure Bhe increase of yield stress is linearly decreasing as a function of the
yield stress before irradiation. Fall the coarse grained microstructures, the increase of ultimate
tensile stress appears to be of the same order.



The uniform elongation is not significantly modified by irradiation but the elongation at fracture
shows aslightdecrease at room temperate for all microstructures.

Table3
Values and irradiation induced increases of@yield stressesnd ultimate tensile stressat room
temperature(strain rate:5.10* s%).

0.2% Y.S. atR.T. (MPa) U.T.Sat R.T. (MPa)
Material | . U_n- irradiated increase % . U.” irradiated increase %
irradiated irradiated
AR 449 561 112 +25 595 698 103 +17
B 494 595 101 +21 638 717 79 +12
BA 498 598 100 +20 649 737 88 +13
BM 545 644 99 +18 698 786 88 +13
MA 619 714 95 +15 735 820 85 +12
M 640 730 91 +14 751 838 88 +12
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Fig.3. Irradiation induced increase 2% yielda) and ultimate (b¥tressesat room temperature as
a function of the values before irradiation

Subsize Charpy results
Subsize Charpy specimens were tested0rd pendulums in themperature range{L60°C, +
160°C].The variations of the fracture energies with test temperature have been fitted using a
hyperbolic tangenfunction (Fig4). The transition temperaturgare derived from thdits for a
fracture energy of 3.5 The trarsition temperaturesand the upper shelf energiese presented in
table 4.
As expected, martensite is more resilient than bainite and much more sensitive to the ageing heat
treatment: the step cooling heat treatment induces a shift of 51°C for martensieoaly 15°C for
bainite.
The average value afadiation shiftfor all the microstructures is 60°C and teperimentalscatter
is about+ 15°C Despite the use of subized Charpy specimensjsaverage valués in fair
agreement with the prevision dhe RSEM embrittlement formul@ 70°C+ 20°C) 17]. It is of
interest to note that here is no direct effect of the initial transition temperature on the irradiation
induced shift (Fig. 5).
After irradiation, he asreceived andainitic materias have the smallest shit The bainitie
martensitic nicrostructurehas the largest transition temperature shift andsignificantecrease on
the upper shelfSmall decreases of upper shelf are measured for the bainite and martensite and a
larger one for the agd martensite.
Due to the experimental uncertainties,is difficult to distinguish a cleanicrostructure dfect on the
irradiation shifts bainite and martesnsite have a similar shifbwever, the difference &5°C
betweenthe shifts of the bainitic and baniticmartensitic nicrostructures could be considered as
significant.
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Fig. 4 Fracture Energy vs testrhperature for the bainiti¢a), martensitic (b)and bainitiemartensitic
(c) microstructurs. Blue and red symbols correspond respectively to theadiated and irradiated
conditions. Triangles and dotted lines are for step cooled materials.

Table4
Values andrradiation inducedvariations of the transition temperatures amd the upper shelf
energies

Transition Temperature (°C) Upper Shelf Energy (J)

Material irraléir;te d Irradiated Shift irraLcj;te d Irradiated Drop
AR -30 +18 48 7.5 7.0 -0.5

B -54 -4 50 6.9 6.3 -0.6
BA -40 23 63 6.4 5.7 -0.7
BM =77 -2 75 7.8 6.6 -1.2
MA -65 -12 53 7.4 5.7 -1.7
M -116 -59 57 7.3 7.1 -0.2
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Fig. 5:lrradiation induced Hft vs the transition temperature before temperature for all the tested
microstructures Thecontinuous line represent the average values of the shift (60°C) The experimental
scatter band represented by the dotted lings 15+°C.

4. Discussion

For the coarse gragd microstructures, he embrittlement under irradiatiomepresented by the shift
at 3.5J is plotted against the hardening induced by irradiation represented by the increase in yield
stress(Fig.&). The average slope for all the datesented abovés close to 0.6and the scatter is
about15°C.

PWR vesseaitteelssensitivity tonon-hardening embrittlement (NHERn be evaluatethroughthis
slope i.ethe embrittlement on hardeningratio (EHR)High values of this ratioouldbe considered as
the signature of &NHEmechanism triggered by irradiation. The valaeéshis ratio for the present
results are given in table Despite the fact that these values have been obtained usingsmgh
specimels, theyare comparable taisual values found for forged RPV staeedig usual specimens
[18-22]. This igdueto the fact that the transition temperature determined by full size Charpy
specimensnainlydiffers by an offset from the transition temperature determined with suésiz
specimensZ3].

There are of coursea lot ofexperimentaluncertaintiesincludedin the detemination of theEHR.
However,according to thegpresentvalues the bainie seems to bdess sensitive to irradiation
embrittlement than the martensé and the bainie-martensie appeasto bethe most sensitive
microstructure.
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Fig. 6:Transition temperature shifts versus absolute (a) or relative (b) increase of the yiela&aess
irradiation.



Table 4 irradiation #$ift, hardening and embrittlemenbardening ratis (EHR)

Material Shift (°C) Ha(r,sgz; o (OCE/rAEa) Harlzs:weil::\g/je(%) (FCI-}IZ@Q
B 50 106 0.47 22 2.32
BA 63 106 0.60 21 2.97
BM 75 104 0.72 19 3.93
MA 53 99 0.53 16 3.27
M 57 95 0.60 15 3.82

*The hardening is correctetiere to take into account the difference in fluenoetween tensile and Charpy
specimens by multiplying the measured hardening by the squared root of the ratio of the fluences.

Aclearerview of the sensitivity of the different materiais NHE embrittlementan be obtained by

plotting the shift as a function of the relative hardening which is the ratio of the increase of yield

stress after irradiation and the yield stress before irraidiat(Figéb). On this plot, martensitic
bearingmicrostructuresappears tdbe more sensitivethan the bainite material foa same relative

hardening. Aged materials have an intermediate behavidbe bainitiemartensitic material seems

to inherit the NHEsensitivity ofthe martensite andhe irradiation induced hardening of the bainite.
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hardening in %According to this index, the classificatiohthe microstructuresby decreasing

sensitivity toNHEis: BM > M>MA > BA > B

To understand th difference ofNHEsensitivityof the different microstructures SEMexaminations
of the fracture surface of thesubsize charpy specimengre performedfor the microstructures
without prior thermal ageingi.e. B, BM and M (Figs. 7 and Blctile fracturecanbe observed at
the notchroot when fracture energy is large enough (> fod}he three microstructures. &
differencesare observeddr the brittle frecture surfacewith or without priorductile propagation
- For the unirradiated specimens:
0 bainitic mcrostructure the brittle fracture is transgranular cleava@fég 7a).
0 martensitic and bainitienartensiticmicrostructures the brittle fracture is
transgranular cleavage witlew intergranular faceté~ig.7.b andc).
- For the irradiatedspecimens:
o bainiticmicrostructure the brittle fracture is transgranular cleavageig.8.a).
0 martensitic mcrostructure the brittle fracture ismixedtransgranuér/intergranular
but mostlyintergranular(Fig.8.b).
0 bainiticmartensiticmicrostructure mixedtransgranular/intergranulafracture is
observedbut mostlytransgranular(Fig.8.c)
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Fig. 7.SEM micrographs of drradiated Charpy specimen&.general view of the fracture is
on the left side and detailed view of the fracture close to the notch root is on the right side.

Irradiated Bainite: specimen broken &0°C¢ fracture energy 1.68 J



