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ABSTRACT

Small Angle Neutron Scattering (SANS) experiments were made on several
low alloy steels and submerged-arc welds prototypic of nuclear reactor
vessel construction. The objective was the characterization of radia-
tion-enhanced and/or radiation-induced precipitation contributing to
mechanical property changes observed in tensile and notch ductility
tests of the materjals. The materials were irradiated in the UBR Test
Reactor under closely controlled conditions.

A portion of the samples were examined in the 288°C irradiated (I)
condition; others were examined in the postirradiation annealed (IA)
condition and in the 288°C reirradiated (1AR) condition. Experimental
variables included material composition (primarily ®Cu, &P, &Ni
content), postirradiation annealing temperature (454°C and 399°C),
reirragiation flu nce level, and neutron-fluence rate (~0.08, 0.7, and
9 x 10 n/cn 8%, E>1MeV). The apparent influence of the des-
cribed variables on the size, number density, and composition of
copper-rich precipitates was the primary focus of the SANS analyses.
SANS cobservations are related to measured notch ductility and tensile
property changes, with a view toward mechanistic explanation of the
observed mechanical property trends for I, IA, and IAR conditions.
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1. INTRODUCTIOR

The sensitivity of pressure vessel steels to 288°C neutron irradiation .
embrittlement depends especially on steel compesition, mneutron
fluence, fluence rate, annealing, and reirradiation conditions. The
correlation of the microscructural changes due to the irradiation and _
annealing procedures with the deterioration of the mechanical proper- l
ties is the basis for elucicating the mechanisms of {irradiation
enbrittlement (Refs. 1 and 2).

Due to the small size of radiation-induced defects present in ferritic
steels of complicated microstructure it is extremely difficult to
analyze them by means of Tranemission Electron Microscopy (TEM)
(Ref. 3). The rather small number density of the defects strongly
impedes their statistical analysis by means of atom-probe field ion
microscopy (AP/FIM). Nevertheless, direct observations of defect
sizes and compositions have been achieved using this techn
(Ref. 4) The results agree with those of the SANS studies. The ¢+ .
technique has most successfully been applied to analyze defect micro-
structures in ferritic steels. The results are representative for
large sample volumes and defect sizes; number densities and volume
. fractions can be determined with considerable accuracy. Very small
defects of dismeters even smaller than 1 nm can be snalyzed; from the
relative strength of the magnetic and the nuclear scattering contribu-
tions, important conclusions concerning the composition of defects can
be drawn. In particular, SANS studies of RPV steels have revealed
that the irradiation-induced defects in RPV steels are neither simple
voids nor pure Cu precipitates (Refs. 5, 6, 7, and 8).

The present SANS investigarion is concerned with the characterization
of defects formed in plates from commercial and laboratory melts, and
weld deposits of low alloy steels during fast neutron irradiation,
annealing, and reirradiation treatments. Experimental variables
include fluence levels during irradiation and reirradiation, fluence
rate, temperature of postirradiation annealing, and material
composition.
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2. EXPERIMENTAL DETAILS

2.1 Materials and Irradiation

The SANS specimens of 2 cm x 1 em x 1 cm size were cut from broken
halves of Charpy V-notch specimens. Weld deposits {Codes WBA, W9A,
and WW7), plates of low alloy steels (Codes 23F and 23G), and plates
from laboratory melts (Codes 6BA, 68B, and 68C) have been studied.
The chemical compositions of the materials are given in Table 1. The
irradiation (1), annealing (1A), and reirradiation (1AR) treatments of
the samples are given in Table 2. The plates were analyzed only in
the 1 condition, the laboratory melts in the 1 and 1A condition, and
the welds in the 1 and IAR conditioq . I-gondition treatments include

fluences between 0.45 3,8% x Sp n/cm® and neutron fluence rates
between 0.08 and 9 x 10°° n/en“-s™*. Irradiated samples were Tgnealeg
for 168 h at 399°C or 454°C. Fluences of 0.37 and 1.12 x 107 n/ewm

were applied during reiradiations. All irradiation and reirradiation
treatments were performed at 288°C.

y SANS Measurements

SANS experiments were performed at the new SANS-2 facility at the
FRG-1 research reactor in Geesthacht/FRG, which was put into operation
in Spring 19%0. A neutron beam with a mean wavelength of 5.25 A and a
half-width of 11.5% was wused. The specimens were investigated in
pairs (irradiated and unirradisted as reference) to enable the differ-
ence in SANS intensity resulting from the 1, IA, or IAR treatments to
be measured. During the measurements, the samples were magnetized by
4 strong magnetic field parallel to their long dimension (internal
magnetic field = 13k Oersted). 1In this way, the magnetization of the
sample was aligned into a horizontal direction perpendicular to the
neutron beam. The scattering intensity was measured as a function of
the scattering angle by means of position-sensitive detectors parallel
and perpendicular to the applied magnetic field. By placing the
detectors at distances of ~ 90 cm and ~ 290 cm, the entire range of
relevant scattering vectors could be covered. The detectors were
calibrated using a vanadium sample.

2.3 SANS Interpretation

The defects giving rise to SANS are assumed to be three dimensional,
This was already inferred from specific features of the SANS curves in
former studies and, in some cases, was also confirmed by complementary
technigues such as TEM (Ref. 3) or AP/FIM (Ref. 4). The SARS

intensity arising from planar dislocation loops is supposed to be
negligibly small.

The SANS interpretation procedure is analogous to the ome described in
a former paper (Ref. 2). The defects which might be woids,
Cu precipitates or Cu-rich clusters are not ferromagnetic. Thus the
difference of the magnetic scattering length density between the
defects and the matrix A"mag is independent of the composition of the
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Table 1

Material Compositions

Material Chemical Composition (wtX) Remarks
C Mn P s Si Cu Ni Cr Mo

Weld No. 1 (min) 0.079 1.27 0.010 0.012 0.71 J32 0.55 0.10 0.42 Linde 80 welding flux

(Code WBA) (max) 0.096 1.36 0.017 0.019 0.79 &2 0.68 0.13 0.50

Weld No, 2 (min) 0.19 1.21 0.008 0.005 0.23 -~ L 0.64 0.10 0.49 Linde 0091 welding

(Code W9A) (max) 0.19 1.27 0.012 0.010 6.23 43 0.77 0.11 0.50 flux; used same filler
wire lot as Weld W8A

Weld No. 3 0.08 1.56 0.013 0,008 0.60 .35 0,10 0.12 0.54 Linde 80 welding flux

(Code WW7)

Plate 23F 0.23 1.35 ¢€.015 0.021 0.22 21 0.22 0.12 0.52 ASTM A 302-B Ref. Plate

Plate 23¢€ 0.22 1.40 ©0.017 0.008 0.19 .20 0.63 0.20 0.54 MEA A 533-B Ref. Plate

Plate 68A 0.23 1.31 0.003 0.017 0.22 .30 0.70 <0.003 0.52 Laboratory Melt 68,
Cast A

Plate 68C 0.23 1.31 0.028 0.017  ©.22 .30 0.70 <0.003 0.52 Laboratory Melt 68,
Cast C

Plate 67C 0.24 1.31 0.025 0.018 0.20 002 0.70 <0,003 0.51 Laboratory Melt 67,

Cast G

:
!
g

i e i e Al o il DR

g

P R ——y

T R ————




= T T p— e = IR TR TR T T ) W T N ) TR Ce i
i L vy o o < 3 [ iy

L = s
I
Iy B
ey
; s
~
4
a
i
.
i,

4
| Table 2 Irradiation (I), Annealing (IA), and Reirradiation (IAR) Treatments of Samples .
4 (Irradiation Temperature 288°C) ]
! Material Irradiation Annealing Reirradiation Weld® Plate® Lab. Melt® H
i Condition
! Fluence® Fluence® Temp Time Fluence® Fluence®  WBA WOA WW7  23F 23C  68A 68C 67C
[ Rate Rate !
| ey (W :
I-1 0.45 9 . ST PR . U
1-2 0.56 - qoa . g a - oo
1-3 0.564 0.08 A oy b X X 2 . '
1-4 1.44 a X % x - s o i
" I-5 2.23 9 N X = = X = __—
1-6 3.85 0.7 : - X - -
| 1-7 2.5 9 : Sk s z 2 ]
| 1A-1 2.5 9 454 168 : a Ay £ ¢ . 2 ;
| 1A-2 2.5 9 399 168 : AT Wi d X X
| 1AR-1 1.46 9 399 168 0.37 9 T e T Ll s !
E. IAR-2 1.46 9 399 168 1.09 9 RO <y « a :
| TAR-3 1.44 9 4 168 0.37 9 £ e TR o o m . .
| IAR-4 1.44 9 454 168 1.12 9 - T s e s
| 8 107 n/em? E> 1 Me¥ P x 1012 njem?-s7! € X - this study; Z = previous study (Ref. 2)




defects (An - q:. : m refers to the matrix), whereas the corre-
sponding nugf ar 'sg%ttering contrast,” An.. ., is determined by the
relative matrix and defect compositions.

Such non-ferromagnetic clusters embedded in a ferromsgnetic matrix
give rise to a SANS cross section dl/d0 which is composed of nuclear
d /d0 and magnetic dxma /d0 scattering contributions both of which
depend in the same manner on the defect volume fraction f «nd their
specific structure factors F(h(R);s(xR)):

d 2 . m .2 2 :
Rio) o g1-8) ((0n, ) 4l ) st o) Flp®is(aR) (D)

wheie

a = angle between the scattering vector « and the magnetiza-
tion of the sample

k= |&] = 4wsin(8/2)/2
8 = scattering angle

J = mneutron wavelength,

Only the magnetic scattering contribution depends on the angle a and
can therefore be separated from the nuclear one by measuring the SANS
intensity ‘Parallel (dy! /a0 = dznuc/dn) and perpendicular (d}:“/dn -
dzm‘&(a-90 )/da + dznuc/dﬂ) to the magnetization of the sample.

We assumed the precipitates or wvoids formed during irradiation or
annealing to be of spherical shape. Their size distributions were
approximated by logarithmic normal distributions with fitting para-
meters R awd p, i.e., determining the mean size and the width of the
distribution. The corresponding mathematical expressions for s(«.,R)
and h(R) (Eq. 1) were given in a former paper (Ref. 2).

Volume fractions and size distributions were determined by least
square fits of the theoretical cross sections to the measured
dj*/an. Finally, we determined the ratio:

1/2
cxnuc(‘)/dﬂ A1 e
B = ek ———] sign(z———* (2a)
dzmag(r)/dn Tmag

where

Sign(x) = 41 for x > 0 and -1 for x < 0,

|
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from the nuclear and magnetic scattering intensities. For nonferro-
magnetic clusters containing several elements i with concentrations
vi(Zvi-I). B is conveniently written as (Ref. 2):

i
b::zti! ] b:zlmc
- ‘ - {
s z matrix vi E‘i"i (2b)
S i
mag

Thi slopes s; are given by the coherent nuclear icnttering length
(brye) of element i and the mean nuclear (b::;r X) and magnetic

(b::trix) scattering lengths of the matrix, the latter being nearly

equal to those of pure iron, Figure 1 which is based on Eq. 2b

provides the basis for a determination of the cluster composition from
SANS duta.

2.3.1 Yield Strength Changes Due to Defect Structures

Russell and Brown proposed a dispersion hardening model (RB-model) for
alloys containing precipitates or defects which are elastically softer
than the surrounding mat.ix (Ref. 9). By means of this model they
were able to describe the hardening due to Cu precipitates in Fe-Cu
alloys quantitatively (Ref. 9). Later on, risher, et al., applied the
RB-model to¢ modelling the radiation hardening in Magnox pressure
vessel steels (Ref. 10, 11).

In the framework of the RB-model, the increase in strength in alloys

containing elastically soft precipitates is described by the fellowing
equations:

E, 2 1/2 £
r= 0820 () ) if arestn 2 < 500 (3a)
2 2
E, 2 3/4 e
r-® (1(1%) ) if arcsin Ei > 500 (3b)

where,
7T - shear stress
b -~  Burger's vector
= Precipitate spacing in the slip plane

G = Shear modulus of the matrix.
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Fig. 1 Graphical representation of the determination of the ratio B
for clusters containing different species 1 of stoms (i = Cu,
Mn, Ni ...) according to Eq. Zb. A ratio of B = 0.71 can be
obtained for a definite concentration wp .o and sy, .9 if the
clusters are b wn to contain only these elements. if the
clusters are composed of wore than two elements, the corre-
sponding concentrations cannot be getermined unambiguously.
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The ratio E,/E, is determined by the energies per unit length Ej® and
Esw of dislocations in infinite media of the precipitated phase
(Index 1) and the matrix phase (Index 2):

R

= logro log -;‘
E.JE, = ¢ - {4)

) S | '3 r

log—~r log;—

o o

where,
T, = 2.5

R = 1000 L

e” = E;“/E,".

For calculating the yield strength from Eq. 3 and 4, Russell and Brown
used a Schmid factor of 2.5,

In the framework of the RB-model, no hardening occurs if the shear
woduli of the precipitate and the matrix phases are equal (e® = 1).
Maximum hardening is to be expected for voids (e” = 0). For Cu preci-
pitates in ferrite, Russell and Brown supposed e* = 0.6. Assuming
constant volume fractions, the RB-model predicts for Fe-Cu alloys
maximum yield strengths if the precipitates have radii of

R&= 1.25 nm. This result is in good agreement with experimental
results (Ref. 9).




3. RESULTS AND DISCUSSION

3.1 Defect Structures After Irradiation {1-condition)

3.1.1 Weld Deposits WBA, W9A, and WWJ

During irradiation of W8A weld deposits to only 0.56 x 1019 n/cmz,
defects with diameters of - 1.6 nm and a volume fraction of ~ 0.21%
were formed. ‘Their size and volume fqracti n became almost twice as
large wupon irrasistion to 3.85 x 101" n/em® (Table 3, Figs. 2 and
2h. A ratio of B ~ 0.7 was measured which does not change with
fluence. This value is typical for irradiated steels (Ref. 6, 7) and
corresponds to Ou clusters containing - 20% at.® Mn. The Mn concen-
tration would even be higher if elements such as Ni and Fe are also

contained in the clusters (Fig. 1).

The 1 treatments qf the weld deposits were performed with a fluence
rate of ~ 9 x ]701 n/cnz-s' . only for the irradiation of W8A B
3.85 x 1919 n/cm® was a much smaller fluence rate of ~ 0.7 x10
n/cmz-s' applied. Figures 2 and 3 show that the evolution of the
clusters is not significantly affected by the variation of the fluence
rate although a minor effect cannot be excluded.

pfter dirradiation to 1.44 x 1019 n/cmz. the measured sizes, volume
fractions, and B-ratios of the clusters in W9A and WW7 specimens
differ very little from those in the WBA material. Thus, variations
in the € and Si contents (WBA: C ~ 0.085 wty, Si -~ 0.75 wth; W9A:
C~0.19 we, 8i ~ 0.23 wtk) or Ni contents (WBA: =~ 0.58 wte; WW7:
~ 0.11 wt¥) do not influence the cluster evelution significantly.

3.1.2 Low Alloy Steels 23F and 230

The wvolume fractions and sizes of clusters formedlgn r.hqz 23F plate,
irradiated with the }bighestz fluence rate (9 x 10*° n/cm“-s"") to a
fluence of ~ 0.5 x 101 n/em* are much smaller than those generated in
the WBA weld deposit subjected to the same irradiation (Table 3). At
first glance, this seems to correlate with the lower Cu and Ni
contents of the 23F material compsred with the WBA weld deposit.
During further irradiation, however, the defects in the 23F plate grow
significailsly faster than those in the WBA weld., After a fluence of
2.23 » 10 n/cm*, the defect wvolume fractions are nearly equal in
both materials and the cluster sizes in the 23F plate (D ~ 3 nm) are
even larger than those in WBA weld deposits (D - 2.2 nm). Thus, we
conclude that apart from composition, & further--still unknown--facter
strongly influences the defect growth kinetics.

Defuiu formed in the 23C plate during irradiation to 0.49 x 1039
n/cm® with the high fluence rate have comparable volume fractions and
sizes but significantly larger B ratios than those in the 23F plate
(Table 3). With respect to the higher Ni content of the 23G plate,
the larger B ratio is surprising since B would rather decrease if
clusters were only enriched with Ni. B would increase, however, if
the clusters were not only enriched with Ni but also with Mn.

i
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Table 1 Number Densities, Mean Diameters, Width Parameters, Volume Fractions,
and B Ratios of Defects in Welds and Plates from Commercial Production

ot

Sample 1 Condition Number® Mean Width Volume Ratio
Density Diameter Parameter Fraction
Fluence® Fluence Rate
-
¥ F N, D P £ B
(om) (%)

WBA-372 0.56 9 8.9 1.6 0.21 ¢.21 0.73
W8A-518 1.644 9 5.7 2.k 0.23 0.27 0.67
W8A-351 2.23 9 5.2 2.2 0,25 0.30 9. TE
WBA-266 3.85 0.7 3.3 - 8% § 0.24 0.35 0.73
W9A-412 1.44 9 4.9 Qs 0.27 0.30 071
WW7-63 1.44 Q 4.0 2.2 .36 0.24 0.67
23F-68 0.56 a .- 1.2 0.25 .10 0.61
23F-108 0.54 0.08 1.7 2.4 0.24 0.12 0.59
23F-67 2.23 9 2.0 3.0 0.29 0.28 0.59
23F-4 3.85 0.7 1.9 2.4 0.26 0.14 0.75
23G-212 0.45 9 “em 1vd 0.25 0.10 0.v1
23G-183 0,54 0.08 1.6 2.2 0.28 0.15 0.79

i
[
|

a g x 1019 n/cn2 b ; x 1012 :-z/c:alz-s'1 s N, x 1017 em3

d Ratio B of defects in irradiated samples

et . W RERRSTEINS, SENTER WS < PRy ey TSN 1 e e T mTe——

T R LIRS S e .




It

0.3+

WBA Welds
[-condition

0.1

defect volume fraction [Vol%]
/

2 3 “
1 1L L

2

]

Fig. 2 Defect volume fractions in the weld deposits after irradiation as a f\{xaction of-the fast
neutron (E > 1 MeV) fluence. Fluence rates, in wunits of 10 n/em“-8 ©, are:
flux-1 = 0.08, fiux-2 = 0.7, and flux-3 = 9.0.
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Mean diameters of the clusters in the weld deposits after irradiation asua funcztiori of the
fast neutron (E > 1 MeV) fluence, Fluence rates, in units of 10 n/em“-8" ", are:
flux-1 ~ 0.08, flux-2 = 0.7, and flux-3 = 2.0.



In contrast to the weld deposits, a clear fluence rate dependence of
the defect forming and growth mechanism coﬁlp be gbserved for the 23F
and 23G plates. Irradiation to ~ 0.55 x g Yith either a high
or & low fluence rate (9.0 or 0.8 x 10 n/cm -8 ") yields in both
cases nearly identical defect volume fractions and B ratios. Under
the low fluence rate irradiation, the defect diameters become twice as
large with respect to the high rate irradiations (Figs. 4 and 5,
Table 3). The opposite fluence rate dependence has been obse{ged fo§
higher fluences. Irradiation of the EBF plate to 3.85 x 10" n/cm
with an intermediate rate (0.7 x 10 n/cm“-s” leads to cluster
diameters of 2.3 oo whereas during i&radia&iou to only
2.23 x 10'? n/cw? with a high rate (9.0 x 10°% n/cm®-s"1), clusters
with mean diameters of 3.0 nm are formed (Table 3). These observa-
tions, especially the apparently contradicting fluence rate effects of
low wvs. high fluences, suggest rather complicated defect growth
kinetics and are not yet understood.

3.2 Defect Structures in Irradiated and Annealed Laboratory-Melted

i e e i e Ll e e T e i D e e 1 1R D ki i e sl e and P N mpeaT—

Plates

During irradiation of the 67C plate from 1 labogatory melt
(Cu content ~ 0.002 wts) to a fluence of 2.5 x 10°° n/en”, wvoid-like
defects with a total wvolume fraction of -~ 0.05% and diametors of
~ 1.2 nm are formed (Ref. 2 and Table 4). After annealing this
material for 168 h at 399°C, the volume fraction and the diameters of
the defects decreased to 0.Jlt% and 0.9 nm, respectively. Furthermore,
the scattering data show the B ratio to increase during this annealing
from ~ 0.8 to ~ 1.6, the latter being characteristic for wvoids. Two
conclusions can be drawn from these observations. First, likely
solute segregation at the surface of the voids dissolves at 399°¢
leaving behind pure voids (Ref. 2). Second the precipitated clusters
are thermodynamically unstable at 399°C and are expected to disappear
completely after extended annealing.

Irradintign of che 68A plate material (0.30 wts Cu) to a fluence of
2.5 x 10 n/cm leads to defects with diameters of ~ 2.3 nm, a volume
fraction of ~ 0.4%, and a B ratio of ~ 0.67 (Ref. 2, '.[’able 4, and
Fig. 6) These clusters nearly double their size, decrease their B
ratio to a value of ~ 0.46, and nenrly halve their volume fraction
during annealing for 168 h at 454°C. This indicates that during this
thermal treatment these defects (a) become enriched with Cu and
(b) are stable because they are able to grow (Ref. 2). During anneal-
ing this material at the lower temperature of 399°C, the defects show
onily little growth and their volume fraction is decreased only by half
the amount found with the 454°C anneal. Furthermore, during annealing
at 399°C, the B value decreases only to ~ 0.6. From this result, we
conclude that the defects are also stable at 399°C. The thermodynamic
forves governing the composition changes, however, seem to be very
different at the two annealing temperatures under consideration. This
is especially concluded from the different B values found after the
different annealing treatments as the compositional changes within the
defects are expected to occur much faster at a given aging temperature
than significant changes of their sizes or volume fractions.
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Fig. & Defect volume fractions in Plate 23F from a commercial melt as a furftion of Ehe fast
neutron (E > 1 MeV) fluence. Fluence rates, in wunits of n/cm are:
flux-1 = 0.08, flux-2 = 0.7, and flux-3 =~ 2.0,
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Table 4 Number Densities, Mean Diameters, Width Parameters, Volume Fractiomns,
and B Ratios of Defects in Laboratory Melts

91

Sample Sample? Anneal® Number® Mean Width Volume Ratio®
Condition Temp Density Diameter Parameter Fraction
T N, D p f B
(°c) (nm) (%)
68A-10 4% o cuw 6.6 2.3 0.19 0.40 0.67
68A-10 TA-1 399 3.5 2.5 0.3 0.27 0.60
68A-12 1A-2°% 454 0.3 4.9 0.39 0.18 0.46
68C-32 7% s um 26 1.5 0.27 0.46 0.67
68C-132 IA-1 399 4.2 T 0.33 0.23 0.59
68C-38 IA-2° 456 0.25 5.0 0.3 0.16 0.49
67C-4 P &k .ss 1.2 0.25 0.05 0.85
67C-4 IA-1 399 dew 0.9 0.40 0.01 1.60

019 n/cnz' 1-7 = after irradiation; IA-1, IA-2 = after irradiation

L]

Fluence 2.5 x 1
and annealing

Annealing time = 168 h (see also Table 2)
N, x 1017 em3
Ratio B of defects in laboratory melts after irradiation or after irradiation and annealing

Previous investigation (Ref. 2)
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»3.3 Development of Defects in Weld Deposits During Reirradiation

Scattering curves of reirradiated weld deposits have been found to
deviate significantly “rom those of only irradiated or irradiated and
annealed samples. The latter ones show a steep slope in the range of
large scattering vectors. This is a general feature of SANS intensi-
ties resulting from simple-structured clusters with a single peaked
size distribution. The scattering intensity in this region of large
scattering vectors depends mainly on the total surface of all clusters
. and changes to a « = dependence for even larger vectors (Fig. 7a).
Scattering curves for the weld deposits in the IAR condition show,
however, additional scattering contributions at large x (Figs. 7b and |
| 7¢). These can be interpreted as a superposition of SANS intensities
from clusters having two considerably different mean sizes (bimodal
size distribution).

butions can clearly be separated from each ot“er, because they appear
in sufficiently separated scattering vector : gions. This definitely
indicates a difference in the sizes of tie two kinds of defects
(Fig. 7¢). However, the overlap of the two scattering contributions
prevents the two mean sizes and volume fractions from being determined

. as precisely as in the case of singly peaked cluster distributions |

{Table 5). In the case of 399°C annealed samples, the scattering

contribution of the small clusters is heavily covered up by that of

the large ones (Fig. 7b) This leads to rather large uncertainties

with respect to the characterization of the small defects (Table 5).

[It should be mentioned that bimodal size distributions in preannealed

and irradiated as well as in annealed and reirradiated materials have

already been reported in previous papers (Refs. 2, 6, 7, 12, 13).]

J
In the case of the 454°C annealed samples, the two scattering contri- i
|
I
I

|
|
The large clusters (also referred to as 1st-size distribution or ‘
indexed with "1%) in 454°C annealed 1AR samples show nearly no change {
in their diameters, wolume fractions, an% B ratjos between reirradia- !
tion fluences of 0.37 and 1.12 % 10'¥ n/cw® (Table 5, Fig. 8). |
Compared to those defects found in the corresponding, though only J
irradiated materials (see Sec. 3,1), the large clusters in IAR samples
are about three times larger, their volume fractions are significantly ‘
smaller (WW7 ~ 20%; WBA and W9A - 50%), and their B ratios are only
~ 0.47 instead of ~ 0.68 as in the 1 condition. Furthermore, the lst
size distributions yield similar diameters. wvolume fractions, and B |
ratios as those found in the 6BA and 68C laboratory melts after 454°C
annealing (Table 4), ‘

|

|

|

|

|

The large clusters observed in the 399°C annealed and reirradiated
weld deposits WBA and WW7 correspond rather well to those found in the
6BA and 6BC plates after annealing at this temperature (Tables 5 and
4). The large defects found in WW7 weld deposits are rather stable
during reirradiation; no changes in their size, B ratio, or volume
fraction were observed with increasing reirradiation fluence.
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if. : Fig. 7 SANS intensities measured parallel and perpendicular to the sample mag-
‘ . netization for weld deposit W8A after 1-4 irradiation (Fig. 7a), after
; IAR-2 reirradiation (Fig. 7b), and IAR-4 reirradiation (Fig. 7c¢).
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Table 5 Defect Sizes, Volume Fractions, and B Ratios of Weld Deposits After 1% and IAR Treatments

a

o

,vj

i __1

,

Sample Sample Fluence 2° Annealing Mean® Volume Ratio Mean? Volume Ratic :

Condition Temp Diameter Fraction By Diameter Fraction B, }

i

Ta By £ Dy £ !

(°c) (rm) (%) (rm) (x) |

!

Wi7-6 1-4 — T 2.2 0.24 D67 _eed . ences sas |

WW7-66 IAR-1 0.37 399 3.6 0.21 0.46 1.720.3 0.01440.004 1.6 }

WW7-95 1AR-2 1.09 399 3.4 0.21 0.50 1.2#0.4 0.0234+0.004 1.6 1

WW7-24 IAR-3 0.37 454 6.2 0.18 0.47  2.3%0.3 0.008+0.003 1.6 j

WW7-106 IAR-4 1.12 456 6.0 0.20 0.47 1.540.3 0.011#0.002 1.6 |

W9A-412 1-4 “es “e- 2.2 0.30 0.71 e --- I

WIA-362 IAR-1 0.37 399 3.1 0.26 0.58 1.040.4%  0.011#0.005 1.6 !

WOA-427 1AR-4 1.12 454 5.3 0.1640.03  0.47 1.440.3 0.01140.002 1.5 |

W8A-518 1-4 E - 2.1 0.27 D67 - wes w1 wmen o wia |
W8A-160 1AR-1 0.37 399 2.3 0.29 0.62 cem o mssas -
WBA-472 1AR-2 1.09 399 2.8 0.27 0.55 1.0#0.4%®  0.016+0.005 1.6
WBA-446 IAR-3 0.37 454 5. 0.18 0.48 1.540.3 0.00540.001 1.6
WEA-4B6 1AR-4 1.12 454 5.940.9 0.1440.004 0.43 1.640.4 0.013#0.004 1.6

Flusnce 1 = 1.44 x 1017 a/en?; anvealing time = 168 % P x 10? n/en?
€ Index 1 refers to the size distribution formed mainly during the I and IA treatments.

Index 7 refers to a second (smaller) size distribution of defects formed during the reirradiation
treatment, except for sample WBA160, where it could not be detected.
€ Estimated values

l«
N o : i
R S o R R R - e e S T L e

o — e e R e S e e L L e Ll e e B Bl B S
- Bt e R it Rl B R L R e e e R e R L






P e wpe——

e i " g T R W LN T TR

The defect structure of the weld deposits after annealing will be
analyzed in a forthcoming paper. On the basis of the present results
we can assume, however, that the stable clusters found after the
reirradiations were already formed during the preceding annealing
treatments. This means that solute atoms which are precipitated in
these large clusters will not be redissolved and will, thus, have
little influence on the formation of the srmall defects (2nd-size
distribution) during reirradiation. Thus, we expect these defects in
the weld deposits to be comparable with those which have been found in
materials with rather low contents of Cu and Ni, This expectation has
indeed been justified by the features of the small clusters (2nd-size
distribution in Table 5; Fig. 8). Their sizes and B ratios do not
differ much from those of the defects found in irradiated 67C labora-
tory melts which are nearly free of Cu (Tables 4 and 1). The wvolume
fractions of the small clusters im the reirradiated weld deposits are
even lower than those of the defects in the irradiated 67C melt,

3.4 Radiation Hardening and Defect Structure

The shift of the transition temperature caused by the various 1, IA,
and IAR treatments of the materials is closely related to the corre-
sponding changes of the yie'd strength (Fig. 9). 1In the following we
have attempted to interpret the measured tensile properties of the
various materlals in terms of the RB-model (Egs. 3, 4) by using the

relevant parameters of the defect microstructure which were derived
from SANS.

The defects in the Cu-containing materials were found to be Cu-rich
precipitates after the 1 treatments (Table 2 and Sect. 3.1). We
calculated their hardening contribution according to Eq. 3 and 4 on
the basis of their volume fractions and radii assuming a ratio
e’ = 0.6 which corresponds to that of pure Cu precipitates. We found
a surprisingly good agreement between the calculated and the measured
yield strength changes (Fig. 10a). Thus, we concluded (a) the defects
analyzed by SANS to be the reasons for the observed irradiation
hardening and (b) the defects in the irradiated-only materials to be
elastically nearly as soft as pure copper.

After reirradiation of the materials, large precipitates and small
void-like defects were identified by SANS (see Table 5 and
Sect. 3.3). First, we calculated their hardening contributions assum-
ing a ratio of epm - 0.6 for the precipitates and e,” = 0 for the
voids. The total yield strength changes were determined according te

Hho - (Aa 2 + Ao 2]1/2. These calculated values, however, do not

apree with the deasured ones (Fig. 10b). The largest deviations were
found for materials annealed at 454°C; the calculated yield strength
changes exceed the measured values by a factor of -~ 2.5. The observed
hardening in these allovs, however, appears to be to be caused solely
by the hardening contribution 4o, of the void-like defects
(b, = 0). From this we conclude that during the 454°C annealing, the
large defects lost most of their hardening efficiency. On grounds of
the RB-model, this means that during this amnealing the shear modulus
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Fig. 10 Comparison of the measured yield stremgth changes with those
calculated in the framework of the RB-model on the basis of the

SANS data.

The upper graph is the comparison for materials in

the 1 condition; .p"' = 0.6 (Eg. 4) is assumed. The lower graph

is the comparison

for weld deposits WW7, W9A, and WBA in the

1AR condition,
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of the large defects was increased by a factor of -~ 1.6 to a value
nearly equal to that of the surrounding matrix. This interpretation
is supported by the SANS analysis which shows a decrease of the
B ratio from values of ~ 0.68 after irradiation to only ~ 0.48 after
postirradiation annealing (Table 5. This reflects a considerable
change in the chemical composition.

In the case of 399°C annealed materials, a rather good correspondence
of calculated and measured yield strength changes is obtained if a
ratio e * = 0.8 is assumed for the large Cu-containing precipitates
(Fig. 10b). This reflects an increase of the shear modulus of the
precipitates during this annealing to a value which lies between the
one found directly after irradiation and the one found after the 454°C
anneal. This agrees with the findings concerning the change of the
B value during the two annealing treatments.
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4. SUMMARY AND CONCLUSIONS

Cu-rich clusters formed in the W8A, WYA, and WW7 weld deposits during
; irradiation are rather similar with respect .o their sizes, B ratios,
‘ and volume fractions. Their B ratios, and thus their compositions, do

not appear to be dependent on the applied fluence whereas their sizes

and volume fractions grow significantly with progressing irradiation.

In contrast to the weld deposits, a clear fluence rate dependence (see
Sect. 3.1.2) of the cluster forming kinetics has been observed in the
23F and 23C plates from commercial production melts.

Void-like defects in the 67C plate from a laboratory melt {very low Cu

content) are unstable with respect to amnealing at 399°C because their
. sizes and volume fractions are reduced during this treatment, In
contrast, Cu-rich eclusters in the 6BA and 680 plate samples have bean
found to be stable during annealing at 399°C as well as at 454°C.
Their sizes and B values, however, are increased and their volume
fractions are decreased by this aging procedure. Furthermore, these
changes in the defect structures are strongly temperature dependent.

|

The weld deposits WBA, WI9A, and WWJ have not been analyzed in the 1A 1

condition. After reirradiation they contain large, Cu-rich clusters, ‘

as well as small, void-like defects. The large clusters correspond ‘

with respect to their sizes, B ratios, and volume fractions to those |

found in the 68A or 68BC plate materials after annealing at 399°C or |

454°¢C, respectively, Only small changes of their sizes, volume frac- ‘

tions, and B ratios were observed during reirradiation. Thus, the |

large clusters are rather stable during reirradiation and bind a large

part of the Cu dissolved originally in the matrix. This result l

finally explains the results that the small clusters in reirradiated

weld deposits are--with respect to their sizes, volume fractions, and

B ratios--rather similar to those which are formed during irradiation

of Cu-free steels such as the 67C plate from a laboratory melt. |
i
|
|
|
I

A strong correlation was found between the shift of the transition
temperature and the yield strength change. The latter could be
explained on the basis of the defect microstructure determined by SANS
analysis and the dispersion strengthening model of Russell and
Brown. After annealing treatments, the hardening efficiency of the
precipitates is significantly less thsn in the irradiated condition.
From this it is concluded that the shear modulus of the precipitates
increases during the annealing treatment.
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(primarily #%Cu, &P, &Ni content), postirradiation annealing temperature (454°C and :
'.‘.99"6)1, x"eir5adi tion fluence level, and neutron-fluence rate (~0.08, 0.7, and "
9 % 10 n/em®-s", E> 1 MeV). The apparent influence of the described variables on

the size, number density, and compesition of copper-rich precipitates was the primary
focus of the SANS analyses. SANS observations are related to measured notch ductility
and tensile property changes, with a view toward mechanistic explanation of the observed

mechanical property trends for 1, JA and JAR conditions. e
VAL AR J

Y2 KEY WORDEDESD FOPT LR 1l wptdh e proases That eili ausiss desearpter] oo Jpcasiing she mepor | 12

Unlimited
1% SICUBITY CLASKITILATE

[Tou; Sapr)
Small Angle Neutron Scatterirg, SANS Analyses, Pressure Vessels, low Alloy Unclassified
Steels, Submerped-Arc Welds, Radiation Bmbrittlement, Nuclear Reactors, | ™%
Postirradiation Amealing, Neutron Irradistion, Reirradiation Effects, Unclassified
Ragiation Defects, Radiation Mechanisms, Fluence-Rate Effects 15. NUMBL R OF PAGES

6 PRICE J
1

WKL FORL D8 (2481




on recycled
paper

Federal Recycling Program



£6°D 0N LNE3d
e ] DHNSN

e Givd 5334 ONY 3DVAS06
. UV SEYID LN

ORES FSN LA BO4 LLTVNSD
SSINISNG Tidk40




£5 PAID

FIRST CLASS MAK
POSTAGE AND #

PERMIT NO. G 87

N, D.C. 20655-0001

; CIAL BUSINESS
PENALTY FOR PRIVATE USE, $300

- o 1 4 ¥
. \ I
T T 1 Sl {5 YL

"

ST e AL e




