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1. INTRODUCTION
The major issues regarding irradiation effects are discussed in [1-3] and have also been
discussed in previous progress and milestone reports. As noted previously, of the many significant
issues discussed, the issue considered to have the most impact on the current regulatory process is that
associated with effects of neutron irradiation on RPV steels at high fluence, for long irradiation times,
and as affected by neutron flux. It is clear that embrittlement of RPV steels is a critical issue that may
limit LWR plant life extension. The primary objective of the LWRSP RPV task is to develop robust
predictions of transition temperature shifts (TTS) at high fluence (φt) to at least 1020 n/cm2 (>1 MeV)
pertinent to plant operation of some pressurized water reactors (PWR) for 80 full power years.
Correlations between the high flux test reactor results and low flux surveillance specimens must be
established for proper RPV embrittlement predictions of the current nuclear power fleet. Additionally, a
complete understanding of defect evolution for high nickel RPV steels is needed to characterize the
embrittlement potential of Mn-Ni-enriched precipitates (MNPs), particularly for the high fluence
regime. While understanding of copper-enriched precipitates (CRPs) have been fully developed, the
recent discovery and experimental verification [4] of ‘late blooming’ MNPs with little to no copper
for nucleation has stimulated research efforts to understand the evolution of these phases. New and
existing databases will be combined to support developing physically based models of TTS for high
fluence-low flux (φ < 10 11n/cm2-s) conditions, beyond the existing surveillance database, to neutron
fluences of at least 1×1020 n/cm2 (>1 MeV). Moreover, a large number of various RPV materials have
been irradiated in the ATR-2 experiment and will be jointly studied by University of California Santa
Barbara (UCSB) and ORNL to address the majority of microstructural characteristics discussed above,
see Ref. [5] and [6] for details. UCSB has performed a large number of SANS experiments in the past
at the National Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR).
These data are taken from RPV steels irradiated in a wide range of flux-fluence space and will be very
useful in comparing to the upcoming UCSB ATR-2 irradiation characterization since most of the
SANS experiments with ATR-2 materials will be performed at the ORNL High Flux Isotope Reactor
(HFIR). However in the previous report [7], some discrepancies were observed between HFIR and
NCNR generated data. One of the hypotheses was that there was some kind of extra scattering
occurring off the sample holders that results in the HFIR curves falling above the NCNR curves. To
test this hypothesis, UCSB provided thermally aged samples that have been previously run at NCNR
to ORNL for testing at HFIR while ORNL performed some improvements to the experimental set up
at HFIR.
This report provides the status for the Level 3 Milestone (M3LW-15OR0402013), “Complete
report detailing comparative analysis of results from High Flux Isotope Reactor and National Institute
of Standards and Technology small-angle neutron scattering experiments.” This milestone is associated
with small-angle neutron scattering characterization at the High Flux Isotope Reactor of various
model alloys that had been previously characterized at NCNR by UCSB.

2. DESCRIPTIONS OF MATERIALS
An Fe-Cu binary alloy, VH, and an Fe-Cu-Mn ternary model alloy, VD, that had previously been
aged were examined. The compositions are in Table 1 below. The alloys were normalized at 775°C for 17
hrs, salt quenched to 450°C and held for 3 minutes than air cooled. The materials were aged at 350°C for
11000 hrs.
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Table 1. Chemical composition of two model alloys characterized in this study
Alloy
VD
VH

Cu (wt. %)
0.88
0.91

Mn (wt. %)
1.03
0.01

C (wt.%)
0.00
0.01

Ti (wt. %)
0.00
0.01

N (ppm)
10
20

3. BRIEF DESCIPTION OF SANS DATA COLLECTION AND REDUCTION

SANS provides microstructural characterization of nanometer- sized irradiation-induced
precipitates that may be inaccessible through common characterization techniques, such as electron
microscopy. Common irradiation-induced defects in RPV steels scatter neutrons by both nuclear and
magnetic contrasts between the scattering feature and the iron matrix. The assumed non-magnetic nature
of CRPs and MNPs (for which validity of this assumption has not been determined) provides the basis
for SANS analysis of feature dimensions and composition. A detailed description of SANS in RPV
steel application is provided in the most recent progress reports [8,9] and in the literature [10].
As previously explained, SANS measurements on the same samples were taken at both HFIR and
NCNR. The raw detector count data was reduced to two irradiation-induced feature scattering crosssections (magnetic+nuclear and nuclear) by subtracting background radiation, parasitic scattering, and
scattering from an unirradiated control [11].
The data collected at HFIR were taken at the GP SANS instrument in CG2 in a saturated magnetic
field of 2 Tesla oriented in the vertical direction at a source-sample distance of 7.082 m and two sampletarget distances of 8.045 and 1.345 m. Prior to these measurements, the pole pieces and magnetic returnfield were extended by 5cm in the vertical direction with soft magnetic iron shims to move the top magnet
coil further from the beam center, preventing shadowing of the detector in the vertical direction in the
close configuration. Furthermore, additional shielding was placed in front of the collimator box to reduce
aperture-external parasitic neutron background at high Q. The sample holders and pole face separations
used were the same as in the previous measurements at HFIR CG2. The absolute scattering cross section
dΣ/dΩ (q) was determined for the longer sample-target geometry by normalization of the attenuated direct
beam. The shorter HFIR geometry experiment lacked corresponding transmission data, requiring linear
scaling of the scattering cross-section to match the longer geometry absolute scattering cross-section for
the over-lapping q-range. The same scale factor was used for all samples. The scaling method for the
shorter geometry has been identified as an opportunity for improvement in the future experiments.
The SANS measurements at the NCNR in Gaithersburg, MD were performed on the NG7 beam
line, using a neutron wavelength of  = 0.5±0.03 nm with a two-dimensional 3He detector located 1.55 m
from the sample and offset by ≈ 20 cm to increase the useful scattering vector range. Measurements were
made with an ≈ 8 mm diameter aperture on ≈ 2 mm thick coupons in a 1.6±0.1 T horizontal magnetic field
applied along the extrusion direction to saturate the ferromagnetic matrix.
4. BRIEF DESCRIPTIONS OF SANS DATA ANALYSIS

Following is an overview of the SANS data analysis, with a more detailed description found
elsewhere [12-15]. Analysis of the reduced scattering cross sections data allows for the measurement of
the average size (d), number density (N), and volume fraction (f) of the CRPs and MNPs. The magnetic
field permits separation of the nuclear (n) and magnetic (m) differential scattering cross sections
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(d(q)/d), where the latter depends on the angle from the horizontal (NCNR) magnetic field direction, 
as

dS
dS
dS
2
( q, f ) =
(q) n + sin f
(q)
dW
dW
dW m

(1)

The SANS analysis involves subtracting a measured control dΣ/dΩ from that for the sample to
isolate the scattering by the precipitates. In this case the control was an un-aged baseline VD and VH
alloy with no nucleated precipitates. For the NIST data the 2-D dΣ(q)/dΩfeature data is sector averaged to
create 1-D scattering vs. q curves for three angles (φ): 0º±30º, 45º±15º, and 80º±10. An angle of 80º was
used instead of 90º since the detector is offset from center to increase q. The HFIR data were sector
averaged at 0º±15º and 90º±15º. The dΣ/dΩ is related to the scattering feature size distribution [N(r’)],
number density (N), volume fraction (f) and scattering contrast factor, ; the latter is the difference
between the feature and matrix scattering length densities. For a distribution of precipitate sizes the
scattering cross section is represented by

dS
N
(q) = P Dr 2 ò a(r)VP2 (r)F (qr)dr
dW
N
r

(2)

where a(r) is the fraction of precipitates within dr and we define

ò a(r)dr = 1

(3)

r

It is computationally convenient to have a discrete form of the distribution with average radii, r i±∆r,
giving

A(ri ) = ò

ri +Dr

ri -Dr

a(r)dr

(4)

For this work a lognormal precipitate size distribution was assumed to represent the aged alloy, and
the lognormal probability density function is

f pdf (r; µ, b ) =

ì (ln r - µ)2 ü
exp íý
b2
rb p
î
þ
1

(5)

Here β is the distribution width parameter, and is equal to the square root of two times the standard
deviation of the normally distributed random variable ln(r). The symbol µ is the mean of the normally
distributed random variable ln(r). Integrating the lognormal probability density function from 0 to r results
in the cumulative distribution function, which is used to create the discrete, normalized lognormal
distribution

1
(6)
A(Xi ) = (erf (Xi ) - erf (Xi-1 ))
2
ri
ln( rmode
)
where Xi =
is a dimensionless size parameter that was varied from -3 to 3. A normalized

b

(dimensionless) scattering function, dΣ′(q)/dΩ, is found by applying the scattering distribution, A(r), and
dΣ/dΩ(q) to give
6
d S¢(q) Si A(ri )ri F(q,ri )
=
dW
S A(ri )ri6
i

(7)
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This function represents the shape of the scattering cross section for the lognormal particle size
distribution described by A(r) with dΣ′(0)/dΩ defined as equal to 1. The shape of the scattering curve is
dependent on the size distribution of the NFs while the number density, N, and volume fraction, f v, is
dependent on the magnitude. The reduced and sector averaged (0º, 45º, 80º) dΣ(q)/dΩf data are least
square fit in terms of rmode, dΣ(0)/dΩn, β, and M/N using

d  (q, ) d (q ) d (0 )n
M

sin 2  )
x
x(1 
d
d
d
N

(8)
Here, dΣ(0)/dΩn is the nuclear scattering component at q = 0 while the term (1+M/Nsin2φ) scales
the data to account for the different amounts of magnetic scattering. The fit parameters are related to the
average radius (<r>), number density (N), and volume fraction (fv) of the features by

< r >= rmode exp(0.75b 2 )

(9)

ì exp(-9b 2 ) ü dS(0)
N = (3 / 4p )2 í 6
2 ý
î rmode Dr þ dW

(10)

ì exp(-6.75 b 2 ) ü dS(0)
fv = (3 / 4p ) í
ý
3
2
î rmode Dr
þ dW

(11)

However, since the exact composition and atom volume in the precipitates, hence the nuclear
scattering contrast, Δρn, are unknown, dΣ(q)/dΩn cannot be used to analyze the SANS data. Assuming that
the CRPs and MNPs are non-magnetic and act as magnetic holes in a magnetically saturated
ferromagnetic matrix makes the Δρm = ρ(matrix)m, where the ρ(matrix)m is known (calculated or
measured) for a specified alloy composition.
Instead of least squares fitting, the M/N can alternatively be estimated by the fitted slope of
dΣ(q,φ)/dΩ averaged over a q range of ≈ 0.8 to 0.18 nm-1 and plotted versus sin2(φ±Δφ). Around 8 to 10
φ±Δφ values are typically chosen with a Δφ of 5º. The procedure is illustrated in Figure 1.
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Figure 1. Alternative method for determination of the M/N [15].
Previous analysis of NIST SANS data used specialized IGOR Pro® code. Since the HFIR data are
in a different format it was deemed easier to re-write the fitting function using Matlab than reformatting
the HFIR data. To do this as quickly and simply as possible the fitting only used the magnetic scattering
and did not simultaneously fit all three sector averaged angles (0º, 45º, and 80º). The regression analysis
was repeated in a similar fashion for the NIST data. For this reason the M/N was not found through fitting
three data curves. Since the HFIR data were only given as M+N and N sector averaged data it was not
possible to use the alternative method for calculating M/N from Figure 1. Instead the M/N was estimated
by simply taking the average dΣ/dΩmag/dΣ/dΩnuc over the q range of 0.08 Å-1 to 0.18 Å-1.
5. SANS RESULTS AND DISCUSSION
The scattering curves obtained from both NCNR and HFIR for alloys VD and VH were compared
to verify that both SANS instruments and setup behaved similarly. Figure 2 compares the data received
from HFIR with NIST data for the VD alloy. For all cases the HFIR data were offset along the y-axis. It
was realized that the cause for this is the use of a 1 mm sample thickness at HFIR when the samples are
closer to 2 mm. The VH sample scattering curves behaved similarly.
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Figure 2. Scattering curves for both HFIR and NIST data for:
Left: Nuclear scattering and Right: Nuclear + Magnetic
Top: VD un-aged and Bottom: VD aged 350oC, 11000 h.
To correct for the sample thickness from 1 mm to 2 mm, the HFIR data were scaled by one-half.
Figure 3 shows the corrected, scaled VD data. The nuclear scattering of the un-aged VD was nearly
identical between NIST and HFIR. The magnetic + nuclear scattering exhibited similar incoherent
scattering, but differences in scattering were observed at lower q. The opposite was true for the aged VD
sample where the nuclear + magnetic scattering curves matched, but the HFIR data showed less nuclear
scattering at low q. The incoherent scattering for all VD scaled data matched well between NIST and
HFIR.
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Figure 3. Scattering curves for both NIST and scaled HFIR data for:
Left: Nuclear scattering and Right: Nuclear + Magnetic scattering curves
Top: VD un-aged and Bottom: VD aged 350oC, 11000 h.
The VH alloy data comparison was similar to the VD alloy, see Figure 4.
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Figure 4. Scattering curves for both NIST and scaled HFIR data for:
Left: Nuclear scattering and Right: Nuclear + Magnetic scattering for
Top: VH un-aged and Bottom: VH aged 350oC, 11000 h.
One possible cause for the HFIR lower nuclear scattering in both VD and VH aged samples was
identified as a difference in how the 2-D detector data were sector averaged. The NIST data used a sector
average of 0º±30º while the HFIR data used 0o±15º. Thus, NIST data were re-calculated using the same
sector averaging, 0o±15º, as the HFIR data for both aged, VD and VH alloys, see Figure 5.
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Figure 5. Nuclear scattering curves at both, NIST and HFIR, for aged VD, left, and VH, right,
alloys with 0o±15º sector average.
For both VD and VH alloys the un-aged baseline samples were subtracted from the aged sample
data to isolate scattering from the features. The nuclear scattering was then subtracted from the magnetic
+ nuclear to isolate the magnetic component, which was used for the final fit. From the fit parameters the
<r>, N, and f were calculated and are shown in Table 2. It was found that the NIST and HFIR data give
nearly identical results when fitting the magnetic scattering.
Table 2. Summary of fitting results for VD and VH aged alloys with 0o±15º sector average nuclear
scattering at HIFR and NIST.
VD aged 350oC
<R> (nm)
N (1017 cm-3)
fV (%)
M/N

HFIR
1.36
4.2
0.44
4.6

VH aged 350oC
NIST
1.37
4.6
0.49
4.3

HFIR
1.53
2.8
0.42
7.3

NIST
1.51
3.3
0.48
6.9

6. SUMMARY AND CONCLUSIONS
Two model alloys in un-aged and aged at 350oC for 11000 h that have been previously measured at
NIST were used in this study to compare results of small angle neutron scattering at HFIR and NIST.
This comparison was essential since most of the upcoming UCSB ATR-2 irradiation characterization will
be performed at ORNL High Flux Isotope Reactor (HFIR). On the other hand, UCSB has performed a
large number of SANS experiments in the past at the National Institute of Standards and Technology
(NIST) Center for Neutron Research (NCNR). These data were taken from RPV steels irradiated in a
wide range of flux-fluence space and, thus, making such comparison an important step in preparing for
ATP-2 experiment characterization. Current results showed that all SANS derived microstructural
parameters, namely average radius, number density, volume fraction, and magnetic-to-nuclear ratio, are
almost identical from NIST and HFIR results.
Based on this comparison, a research plan will be developed to perform SANS measurements of
RVP alloys irradiated in the ATR-2 experiment.
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