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5 keV

10 keV 100 keV

5 keV – 0.26 ps
10 keV – 0.63 ps

100 keV – 0.70 ps

5 nm

Comparison of MD Displacement Cascades in Iron at 100K -
Time of Peak Damage

After Stoller
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Interaction of Dislocation with Cu Precipitate

R. E. Stoller and Y. Osetsky
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Atom Probe Tomography and Small Angle Neutron Scattering Are 
Used to Reveal Mechanisms of Irradiation Embrittlement –Atomistic 

Modeling is Used to Help Develop Kinetic Embrittlement Models

Fe Cu Ni Mn Si P atoms

Combination of experimental, 
modeling, and microstructural 
studies leads to advances in 
predictive capability.

20 keV

40 keV

10 keV

Neutron radiation 
produces an extremely 
high number density of 
nanoscale copper-, 
manganese-, nickel-, 
silicon-, and 
phosphorus-enriched
precipitates.

Irradiatio et Frango ut Patefacium – I Irradiate and Break
In Order To Reveal
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Both VVER-1000 Materials and Palisades Weld are 
High Nickel, but Only Palisades has High Copper

Two different types of high nickel pressure vessel steels with low and high copper 
contents were selected for this study. 
Element VVER 1000 reactor       Palisades reactor

base weld weld
wt.% at. % wt. % at. % wt.% at. %

Cu Low 0.05 0.04 0.07 0.06 High 0.20 0.18 High
Ni High 1.26 1.19 1.78 1.69 High 1.20* 1.14 High
Mn 0.46 0.46 0.80 0.81 1.27 1.29
Si 0.30 0.59 0.33 0.65 0.18 0.36
Cr 2.2 2.34 1.80 1.93 0.04 0.04
Mo 0.51 0.30 0.59 0.33 0.55 0.32
V 0.10 0.11 - - 0.003 0.003
C 0.17 0.78 0.06 0.28 0.11 0.51
P 0.008 0.014 0.005 0.009 0.014 0.03
*Nickel level limit of  Reg. Guide 1.99 Rev. 2

VVER-1000 Fluences (E > 0.5 MeV)
Base 2.4, 9.4 and 14.9 × 1023 m-2

Welds 2.4, 5.2, 6.4 and 11.6 × 1023 m-2

PIA
2 and 24 h at 450°C

Palisades Weld Fluence : 2.4 x 1023 m-2
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Atom Probe Tomography is Performed by 
Evaporating Atoms from Tip of a Needle and 

Subsequent Analysis of Composition and Position
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Elemental Segregation to Dislocations in 
VVER-1000 Weld Metal Was Observed

Phosphorus, nickel, 
silicon and to a lesser 
extent manganese were 
found to be segregated 
to the dislocations.

Fluence 11.5 × 1023 m-2

Ni

Si P

Mn

Weld Metal

dislocation

P Ni
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Palisades A533B Weld Exhibited a �T41J (102°C) Less 
Than the Reg. Guide 1.99 Rev. 2 Prediction (154°C).

�T41J = 102oC
RG1.99-2=154oC
EWO=137oC
E900=137oC

A533B Weld
Ni = 1.2 wt%
Mn= 1.25 wt%
Cu= 0.20 wt%
P = 0.012 wt%

Temperature,  oC
-100 0 100 200 300

En
er

gy
,  

J

0

50

100

150

200

unirradiated
1.4x1019 n/cm2 (E>1 MeV) at 288oC

               Unirr.    Irr.    Shift
USE, J      143     117    26
T41J,

oC      -51      51    102
T68J,

oC      -30      94    124 

Palisades weld: 0.2 wt% Cu 1.2% Ni

Unirradiated

Irradiated

Ti = 288°C, � = 1.4 x 1019 n/cm2

(>1 MeV)
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High Number Density of Precipitates Observed in 
Irradiated Palisades Weld

A high number density of Cu-, Mn-, Ni-, Si- and P-enriched precipitates were 
observed in the neutron irradiated weld.

Cu Mn Ni Si P
Nv = 5 x 1023 m-3 87.0 0.42 0.77 0.23 0.15 at. %
rG = 1.1 nm Number of atoms in precipitate = 30.

Fluence:1.4 x 1019 cm-2 (>1 MeV)
Matrix Copper = 0.07 at. %
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�Tracer method indicates 
levels of 3-4 at% P with 
peaks of up to ~7% P at the 
dislocation.
�The extent of the 
phosphorus segregation 
was ~5 nm.

Cu P

10 nm

Neutron irradiated Palisades 
weld =1.4 x 1019 n cm-2 (E >1 
MeV)
Temperature  = 288°C.

APT Reveals Cu and P Segregation to Dislocation in 
Palisades Weld

11.2 M
atoms
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Summary of Atom Probe Tomography Comparisons 
for VVER-1000 and PWR RPV Steels

� For the low-Cu VVER-1000 materials, higher Ni content leads to higher 
embrittlement for a given fluence.
– Low number density of ultrafine Ni-, and Mn-enriched precipitates 

observed (even though low Mn material), but higher fluence is 
required for high embrittlement.

� There is a reasonable correlation between �T41 and �YS vs number 
density of Ni-, Si-, and Mn-enriched nanoclusters.

� For the Palisades material with 0.2Cu and with Ni similar to VVER-1000 
base material, ultrafine Cu-, Mn-, and Ni-enriched precipitates were 
observed, but at much lower fluence than for VVER-1000.

� High-Cu, high-Ni KS-01 weld exhibited  a high number density of Cu-, 
Mn-, Ni-, P-, and Si-enriched precipitates even at relatively low fluence 
(0.8E19).

� Mn exists in all the irradiation-induced precipitates, even when the 
level is quite low, as in the VVER-1000 base metal (0.46 wt%).

� Phosphorus and other elemental segregation to dislocations and grain 
boundaries was also observed.
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Number density, volume fraction, and the mean radius of scattering 
centers for three high-copper submerged-arc welds, including HSSI 
Weld 73W (0.31 wt % Cu) in the irradiated and the irradiated/annealed 
conditions.

Small-Angle Neutron Scattering (SANS) Measurements 
of Three Hi-Cu Steels Show Thermal Annealing Reduced 
Precipitate Number Density and Volume Fraction, but 
Increased the Radius
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Summary and Conclusions For Late 
Blooming Phases

� For low Cu & Cu-free steels, Mn-Ni(-Si) LBPs are observed 
as previously predicted  based on thermodynamic 
considerations and modeling.

� Systematic search based on special alloys and irradiations 
and characterization by a variety of techniques.

� LBPs and large ��y recently verified in Cu-free steels -
although even small amounts of Cu play a key role.

� Key issues - combined effects of Ti, Ni, Mn, Cu, � and �.
� Models can be fine tuned and used to guide experiments. 
� Experiments underway (e.g., long term  annealing of 

specimens to probe MNP phase boundaries) but material is 
very limited and irradiation facilities have disappeared.

� Studies of high fluence low flux surveillance materials very 
useful .

� However additional well designed irradiation experiments 
are critical!!!!!!!!!

After Odette and Miller


