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Infroduction

Q The scatter of the measured shiftf could come from
« A inaccurate prediction of the ETC
« Uncertainty of irradiation effects
« Uncertainty on initial properties

a Included on RTyy; shift as margin

. > 5 o, is the standard deviation for the initial RT g1 (T413)
Margln = 2\/0| +0, o, is the standard deviation of ART

28°F for welds

17°F for base metal

Unnecessary conservatism can be reduced when the This presentation is
accuracy of the mean condition is increased and the focused on the initial
contributions to the total margin are properly understood state
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Q Most engineering materials are inherently inhomogeneous in
their processing, internal structure, properties, and performance.

Q Their properties are therefore statistical rather than deterministic
A These inhomogeneities manifest across multiple length
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Infroduction ERIA

Q Inhomogeneity usually comes from the fabrication
NPP Greifswald unit 4, beltline weld
procedure
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Q Forgings

Melting

Pouring

oore (O

« One potential origin of scatter can be segregation during the
fabrication of the ingot due to segregations

Forging

(3) Ring Rolling

(2) Plercmg
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Q Segregation refers to non-uniformity of chemical compaosition.

A Segregation can occur during solidification by multiple mechanisms
and over different length scales

Q Microsegregation
« Occurs over distances on the order of the microstructure of the alloy.

» The process of microsegregation is primarily controlled by diffusion in the liquid
phase near the solidification front. The degree of microsegregation is
dependent on the material composition and cooling rate.

* It typically does not impact the performance of steel forgings because can be
eliminated eliminated during the subsequent thermomechanical processing.

0 Macrosegregation

« Occurs in adlloy castings or ingots ranges in scale from several millimeters to
cenfimeters or even meters. ,

« Cannot be removed by subsequent thermomechanical processing.

Q Positive (negative) segregation refers to the composition above
(below) the hominal cComposition

AC (C —C ) CO0 is the nominal composition of the material, Ci is the
— L 0 composition at a specific location in the material, and AC is the
C — C local deviation from the nominal composition in weight
0 0

percent(wt%) of the element
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A At the end of the solidification the
average element composition in
the ingot is the same as the Riser— [fat
nominal value in the molten metal; Soaa
however, the ingot now contains

Hot top positive segregation

various defects and regions of - LV posit
heterogeneity, where the element /\/ cearonation
contents either can be higher or /\/ greg
lower than the nominal values. Body ’ /\:\ A" positive

Q There are multiple types of
macrosegregation that may occur
during the casting of large steel

segregation

ingofs. .

Q The most relevant types include 5 | Botiom neaative
positive hot-top, negative cone, BT 0 eqation
and positive channel (i.e., A-type, —J
and V-type).

EPRI MRP 414

©
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Q If aringis to be forged, then trepan
forging is used to remove a core of
material from the center of the forging;
this process removes most of the “V”
macrosegregation that is present in the
center of the forging.

A Some of the YA” macrosegregation then
will remain and extend along the length
of the forging both at the surface and
embedded in the wall. The portions of
the ingot that are discarded and the
carbon macrosegregation that is
removed by the cropping and frepan
forging operations

Q If a headis to be forged, then the center
is not frepanned, and the “A” and “V”
segregates not removed by cropping the
top of the ingot will remain in the forged
component.

EPRI MRP 414

oo (O

Hot top positive segregation

Discard —>

=

A
/'

Discard

|

\ ——“V” positive

\& segregation
L' | A" positive

segregation

. {—Bottom negative

Discard —>

segregation
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Carbbon macrosegregation
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Forgings — Hydrogen flakes @ER'A

a The formation of
hydrogen flakes is @

Thermal

phenomenon well e

known to the steel Casting | Ingot
technique l size

manufacturers and may V4

happen after cooling
down the steel from
high fo ambient
temperature, in the Microstrichire Stress
ingot after |oour|r1cF:J1r or in

the forged part a Chemical
the forging operc’rlon S
and heat tfreatment. e s Inclusions 1 neformation
. . . casun ISTO
Q Flake formation is driven o |
by the accumulation of hitps://fanc.fgov.be

hydrogen at
segregations or
iINnclusions in the metal
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Carbon segregation

A CVN energy (CV) plotted against test temperate for RPV material
with and without regions of positive channel segregation

A The data exhibits a 75°C shift in the unirradiated RT g, af the 68J
energy level, for the segregated material.
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Carbon segregation @E RIA

Q Fracture toughness plofted against the indexed
temperature for RPV steel with and without regions of
positive channel segregation
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Q Plate material is generally considered much less prone to
carbon se?rego’rion due to smaller ingot sizes and higher
degrees of deformation during the rolling operation
compared to forging. This results in a less sensitive
microsfructure.

Q Variation along thickness are mainly due to heat treatment
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Scatter in fracture toughness

A The Master Curve describe the scatter in the fransition
region
A Cleavage Fracture
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Scatter in fracture toughness
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Scatter in fracture toughness

Q The sources of variation on Master 4 ——
Curve reference temperature 10 can hE R
be grouped info two categories: o ° . R

A Recognized sources of variation, whichs= o -
can be compensated for . : ° T
- 1) specimen loading rate, o ° 8 ° ol |
« 2) PCCS bias, and . | | | | | o
« 3) stress relief fime/material source ’ Y Crtmepare

Q Other sources of variation - |
compensated by the initial margin term WK AND BELTLINE WELD' ‘ 1.

- 1) testing laboratory, 2s|- 4 SEcTON 113 /l\

o SECTION 1-15 N 75
 2) test procedure, 5 oo =
« 3) material, 5 of s £
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« 5) other. s
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Examples

a
a

a

EDF-AREVA large forgings project

Surveillance results of a French NPP show atypical results — not related
to irradiation

Metallurgical heterogeneities

no excessive embrittlement of the material, but a bias between unirradiated and
irradiated specimens populations

90 «

80 «

70 «

60 -

ARTypr (°C)

Outer Surface

" o 2%
Positive . Q.
Macrosegregation 1/4 Thickhess
\ - e

2 12%
50 4 -
40 4
30 4 Carbon contents indicate the presence of
negative and positive macrosegregations
204 at the V4 thickness of the acceptance ring
10 S. SAILLET Fontevraud 6 — Plant A acceptance ring is not
homogeneous
0 L L J LJ L]
0 2 4 6 8
o Fluence (1019 n/cm?)
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Examples

0 Macro-segregation

Q Acceptance test and - , : - B
iradiation surveillance g[ L prene j ml‘” et [
program coupons are taken & ;
from the end corresponding to - Oriiohing :
the bottom of the initial ingot +— Profile

QA Zones affected by positive g
segregation can locally be =l el - ]
present at the internal skin of yé o E = é
the core shells E E

Q The quarter-thickness of the ;
acceptance ring, where the Tl ]
PVSP specimens come from Acceptance
with zero or negative i L Tests+ise L
segregation. 2l (e 4D ..

‘% | S.SAILLET Fontevraud 6 bt

of ingot

©
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Examples

A Doel and Tihange indications

* In June 2012 during regular maintenance
shutdown of Doel 3 NPP an ultrasonic (UT)
inspection was performed on the steel
Reactor Pressure Vessel (RPV) -> a large
number of “flaw indications™ or micro cracks === E
in the lower and upper reactor core shells = |}
were detected in the base metal

« Comparable, yet fewer, indications were
found three months later in the Tihange 2 _
nuclear power plant after a similar inspection D. Moussebois

B
R T Beren e T

Hydrogen flakes

» hydrogen flakes were initiated during manufacturing in macro-
segregated areas, in particular in ghost lines at manganese sulphide
inclusions.

» [imited effect of hydrogen flaking on the material properties.

Structural integrity is demonstrated with significant safety margins

®
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The Flamanville EPR reactor pressure vessel closure head A
and bottom head domes were manufactured in 2006 01 K
and 2007 by forging (kL . Couvercle

O Aftthe end of 2014, Areva NP informed that the results of
the impact tests were lower than expected

Q The carbon concentration measurements taken at the 3
surface of the upper dome revealed the presence of a W@
residual positive macrosegregation zone over a diameter
of about one meter.

Q Furthermore, the examinations performed on the materia FH
sampled at depth, in the center of this dome, show that T
the segregation extends to a depth exceeding the half- i duaune
thickness of the dome | GARNAR

INGOT BLOOM BLANK DOME

.1 = -
Top dscard N 4
g e — Fond de cuve

S Rapport ASN CODEP-DEP-2017-019368

©
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Q The analyses carried out by EDF
since 2015 conclude that cer’rum
steam generator channel heads
could contain a zone comprising a
high carbon concentration which
could lead to lower than expected
mechanical properties.

Q A detailed analysis were carried out

Q There are substantial margins
against failure through an 80-year
operating period when
conservative distributions of carbon
macrosegregation are postulated
to be present in the RPV, S/G and
E{'ﬁlsésurizer head and ring forgings in

S.
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Carbbon macrosegregation

a RT

a EPRI assumed the RT y;

changes per the
following expression
(MRP-471)

=RT\oruot
ARTNBT(U)
* RTupruo) 18 The unirradiated
Perence temperature for
’rhe marterial with carbon
content equal to the

nominol value in the
ingoft, Co.

« ARTNDT(U) is the change
in RTNHT u) as a function

the change in carbon
contfent, °F (°C)/wt. % C,

ART o1 (°C) = 241.01 (°Clwt. % C) + AC (wt. %) +
17.83 (°C).

A Initial RTyp; or AT from Carbon Macrosegregation, °F

300

250

200 -

150 -+

100 -+

50 -

|
wcwes MRP-417 AT Data Fit

O MRP-417 AT Data
1= =rwes Areva ARTNDT Data Fit
O Areva ARTNDT Data

-
w = = Areva ARTNDT mean + 20 ,7
”
= === Areva ARTNDT mean - 20 | 7/

0.00 0.10 0.20 0.30 0.40

Ond iS. deTermined from Change in Carbon Content, AC, wt %
experimental data.

EPRI MRP-417
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Carbbon macrosegregarfion

Q When carbon macrosegregation occurs in large forgings it is
accompanied by copper and phosphorus macrosegregation
with increased copper and phosphorous

040 T 350
03s | I ; i
Beltline Region
L / 300 T | PeakID fluence at 80 years = 3.67E19 n/cm 2 —
030 | Carbon =0.17¢(1+AC/C,) // : /
. I / | /
- R — RTuax = RTyoru + ATso
o5 & . N /
e L 5 200
] 020 | l/ >
g | // Copper = 0.13(1+0.4¢AC/C,) g -
o] r ) ) °© et | — /
e B o F
T > |
Z 015 —r— = I AT
: N e
E o I:]‘__,_E,__-c)——‘:"_':
ot - 100
0.10 I /il_‘
l:/ﬂ/ RT noru)
005 1 Phosphorous = 0.015¢(1+0.7¢AC/C,) 30
0.00 +— . } : | : . r : } ol
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) 10 20 30 40 50 60 70 80 90 100

Carbon Macrosegregation, AC/C,, Percent Carbon Macrosegregation, AC/C,, Percent

EPRI MRP-417
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SOTERIA RESULTS

geometry is tested

M

M5, RT
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Q In general tensile properties of studied material do nof
show a significant scatter; even when different specimen
CIE-1 BM A508 C3

NS Mie

VE
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SOTERIA RESULTS

Ciemal
Q Impact tests show a dependence of _ Coniro devesicions
the absorbed energy with the location yTecnolégics
of the specimens in CIE-1 material w B
£20 ’:'\.\\
CIE-1 BM A508 C3 2. [ R
S T ehamcamn
250 : :::ZQ o- " . ..'.'."""ﬂ'-'-ﬂ.--"
2 0__ ’ 1'::ma2:2 d::(:eci::?ad:?:m)m "

T(°C)

IPF_X1+GB+IPF_X1. Step=0.1 ym. G521 x359)

° Low impact energy e .
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SOTERIA RESULTS

A Fracture toughness tests show larger scatter than
expected for FZD-4 material that could be attributed to
the presence of intergranular fracture areas. ———

F o
U e A A LA PP LI B L B S S B B B
- Greifswald Unit-8 15Kh2MFAA, forged ring 703.1. 98%5 u
300 ;_Oé'l'-iif), L-T: surveillance Iocatlons,(,mltlal) _: 250 :_ o 3
F—T,=  -111°C 7 E - ]
§ 20 E o™= q06°C ,," 50% % 200 -

§: 200 ;——KT?NTAPz_ijiC/,/' 8 —; %u 150 z— _z

8 180 o e B ol ot . X’ 100 E E
w AL Sl R ;
e 11 - 1 PP g mmmmenmmmeny

- . PR ST ST T NN TR NN TN NN (NN Y TN WY SO Y TN SO SO AN MY SO NN M A
gou L3 b idd s 00.00 0.25 0.50 0.75 1.00 1.25
=8 12 409 2 distance from the fatigue crack front / mm

temperature / °C
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SOTERIA RESULTS

0 Based on the chemical analyses performed on unirradiated ANP-2 and ANP-4

@ 000 -:.-I:Z -:.-;-1 ) -:.-I:E
O 16/09/2018  ©™

Ni[%]

142
K, [MPam™]

K, [MPam"]

materials, using OES method a non-negligible uncertainty in weight % was found

framatome

[ N
o1 ]
= Z
n

for some chemical elements, such as C, P, S, Cu and Ni (in high Ni weld) playing
an important role in aging mechanisms of RPV steels.
Q Fracture toughness show a dependence on the chemical composition, mainly
Mn, Mo, Cr, C and P content
Material Sp.ecim?n Kicum) T Cu | Ni P | Mn | Mo | Cr | C
designation | in MPavm in°C in%
CACS2 65,1 -20 46 7,2 61 5 9,9 8,2 14
CACS3 68,3 -30 36 7 58 5 10 8,5 13
ANP-2 CACS4 65,4 -20 44 7,1 60 5 9,8 8,5 14
CACS5 377,4 -10 36 7,1 58 5 10 8,5 13
CACS6 104,8 -25 47 7,2 58 5 9,9 8,5 14
TL21 92 -100 43 7 56 4,9 10 8,9 14
TL22 174,1 -110 43 7 56 5 9,9 9 13
ANP-4 TL24 85,6 -100 42 7 62 4,9 9,9 9,1 14
TL28 104,9 -115 38 6,9 56 4.9 9.9 8.9 13
TL30 71,2 -120 42 7 ANP-2: Weld metal S3NiMo1/OP41TT
ANP-4: Base metal 22NiMoCr3-7
. <o )
:

P [%]
T T T T T T T T
& ANP-Z_
i [ ] ME-4
o
—_— —_—_y
[a— -~
T E— L
T T T T T
M A (%] 29



SOTERIA RESULTS ERIA

Q Microstructural examination of FZD-4 (NPP Greifswald, Unit 8)
samples: SEM/EBSD, STEM-HAADF, STEM-EDX Ao

ﬁ HELMHOLTZ

Figures and text replaced by Table FZD-4 BM 15KhZMFAA | Rossenbore
Type of precipitates Number density (cm?3)

, NERREL STEM-EDX
V-rich 140 0.38E+14 , elemental
V-rich (small) 39 0.96E+14 , mapping of

) & FZD-4
V-rich (very small) 17 2.74E+14 .

Cr-rich 200 0.10E+14 g red: V(Ka)

: AR green: Cr (Ka)
Carbides 230 0.07E+14 : “ Y blue: Mo (La)
Mo-rich ~500 4.53E+05 '

There are indications of inhomogeneity at different length scales. Phosphorous tends to segregate at grain boundaries.
Some kinds of precipitates are also preferentially located at grain boundaries.
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SOTERIA RESULTS

Q EDF-4 material show micro- and mesoscopic segregations

S o _ _ Formation of Mo, Mn, C - rich clusters was clearly observed on
The distribution of precipitates (carbides) is not the dislocations in the non-segregated material.

homogenous

é"/-’_’: Large

"l\\v elongated ’

Non-segregated area
Mn-Mo-Cr-C carbides with =3

- corresponding Si-Ni-rich &
precipitates

EDF4 samples do not contain characteristic ghost lines, but
only micro- and mesoscopic segregations

Mn K 03 um Mo L

(= d

@
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SUMMARY @ERIA

Q Steel are inhomogeneous materials

Q Scaftter in radiation embritllement can be due to the
scatter on the initial condition

Q Main source of scatter in large forgings are related to
segregation

Q Scatter on welds can misunderstood radiation effects

Q Inhomogeneity is seen at several scales

®
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