AsWitde-Range Embrittlement
Trend Curve foerWestern RPV
Steels

Mark Kirk

USNRC/RES/BE/CIB
mark.kirk@nrc.gov

&

Presentation to the Fontevrau onference
271 to 30" September 2010
Avignon, France




/REVA\
so > Motivation FUSNRG

,, Protecting Poople and the Environment
10 CFR 50.61 a Predictions
» Existing trend 200 — TestRx:  Grey Points i ——
curves = 150 |- Power Rx: Colored Points ' | : \;v
- RG1.99Rev.2 3 ™ o o
- 10CFR5061a & — Linear 4
5)
represent well T 0
data used In £ 100
fitting, but E ZZZ Under Prediction
» do not S
eXtrapOIate 300 A | BN | B |
We” 1016 1017 1018 1019 1020 1021
B High fluence Fluence [n/cm?]

— Low Cu s



g 3’9 Observations FUSNRG

Protecting Peaple and the Environment

» Most trend curves intended for practical use are, in the
end, calibrated to data (claims regarding their
“physical basis” notwithstanding)

» Regarding equations fit to data trends
— Interpolation within the range of fit variables works well
— Extrapolation outside of this range produces issues

 Therefore, this study expands the empirical dataset
used for calibration ... to expand the variable range
over which interpolation occurs — il
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« Fitting database
« Fitting process
 Final model

« Assessment of predictability of different data sub-sets

» Conclusion
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» Traditional data source (in  « Considerable data currently

the USA) exists from non-traditional
— US data 0_n|y sources
— Power reactor surveillance — Test reactors
data only — Non-US reactors overseas
— ATy, data only — Other embrittlement metrics
(e.g., AYS)

* These greatly expand the fit
variable range into areas
where traditional data is
lacking

— High fluence
— Low copper
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« Traditional data source (in

the USA)

— US data only

— Power reactor surveillance

data only
— ATy, data only

* Currently there is no
consensus on how to use
together traditional and non-
traditional data, however

 We examine them together
here to estimate
embrittlement trends in
advance of any new testing

program
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« Considerable data currently
exists from non-traditional
sources

— Test reactors

— Non-US reactors overseas

— Other embrittlement metrics
(e.g., AYS)

* These greatly expand the fit
variable range into areas
where traditional data is
lacking

— High fluence
— Low copper
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 These trends stand out
strongly In the empirical

| |
database LL
M Increases with increasing fluence up 8
© to a limit, then saturates —
Characterizes embrittlement below <
Cumin B @
Bo Is independent of Cu

Increases with increasing fluence,
with no apparent limit

Above this value, embrittlement does

CUmax not increase with increasing Cu
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The red curve
represents the
data trend over
a limited
fluence range
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Model Building
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\ /'WR C(5) Prosecting Poople and the Environment
MI
- MEB

ATz = MAX

My, = 0.93 (Ni)L155 0.28
M =) Mp = 0.96 [MAX(MIN{[In(®) — In(1.67 x 10'7)] - 171.3§733.5] 0) ] : ]
M, = 0.68 550 0.63

By = 1.12 Y N -
T P N

Bp = 1.056 - {9.78 x 10710 . ¢0-5564} . l_] . [ ] [( ) ] l ]

Br = 0.925 550 0.012 0.63 1.36

o = 0.0730%1%®
Copper dependent term

v Operates over restricted range of Cu
v’ Saturates at 1.2x10%° n/cm?

v Depends also on Ni, temperature, product form
v’ Does not depend on flux

B =
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\Vk o/ WR-C(5) Protecting People and the Environment

MIN(Cu, 0.35) — 0.05
AT3O = MAX — X M =
0

My, = 0.93 T 1-3.84 (Ni)1155 0.28
M = |Mp = 0.96 | MAX(MIN{[In(®) — In(1.67 x 107)] - 171.3,733.5},0) - l—] : ]
My = 0.68 550 0.63

By = 1.12
B =|[Bp = 1.056} {9.78 x 10710
Br = 0.925

o =0.073p"1%
Copper in-dependent term
v' No fluence saturation, roughly Y® dependence
v’ Depends also on Ni, temperature, P, Mn, product form
v’ Does not depends on flux - —
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— USLWR surveillance data
— Non-US surveillance data
— Test reactor — AT,, data
— Test reactor — AYS data

United Srates Nuclear Regulatory Commisslon

» Color Key

— Bright points — stated
subset

* Accuracy indicated by

— Bright points uniformly
distributed within
overall scatter

— No residual trends
shown by bright points
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Accuracy for Data Subsets

USLWR Survelillance Data

e
S

“
<
4

<
oon.
Aﬁv W o
z
s ||
<o w
<
o m
=
<
o
S po [
o o
)
)y
ARVA
11
oI o
Ml
hnunﬁﬁm”_ 2
o
q
294 5
o =
<
L L) __
S 8 8 8 ° 838 3 8 3 8
& 4 = S 9§ 88

[4o] painsesy - paloipald *1v

45 50

40
Ln(Fluence) [n/cm”2]

0.5 35

0.3 0.4
Copper [wt-%]

0.2

0.1

opP AF OSRM

ow

ap AF OSRM

ow

200

-250 11

[do] painses|A - pa1oIpaid %é1V

-300

25 30 35
Ln(Flux) [n/cm”"2/sec]

20

15

15

0.5

Nickel [wt-%]



?Eo%. Accuracy for Data Subsets % USNRC

United Srates Nuclear Regulatory Commisslon

? yc' Non-US Surveillance Data Protecting Pesple and the Envirommsent

200

150

9
&

100 A £l

5
q»

o0 o

AT, Predicted -Measured [°F]
<
<

\Z
250 4{ oW OP AF  OSRM i OW OP AF OSRM 0%

-300 T T T T . r
0 0.1 0.2 0.3 0.4 05 35 40 45

Copper [wt-%] Ln(Fluence) [n/cm”2]

AT, Predicted - Measured [°F]

o
504 oW oP aF  osru 8 1l ow op 4aF osrm 090 o

-300 r : T T T T
0 0.5 1 15 2 15 20 25 30 35
Nickel [wt-%)] Ln(Flux) [n/cm”2/sec]




KEVS

)

oﬁ Test Reactor — AT, Data
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» Fit model WR-C(5) developed from a wide range of
empirical data

— Expands variable range in which fit is interpolated
— Reduces variable range over which fit is extrapolated

» No flux term needed to fit the data

 Fits entire database, and data subsets, well
— USLWR surveillance data
— Non-US surveillance data
— Test reactor data
 Future paper (IAEA meeting, Znojmo, 18-22 October

2010) will demonstrate the enhanced predictive capability
of WR-C(5) relative to data not used In fitting o
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