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Abstract 

Irradiation damage particles were detected by small angle neutron scattering and 
positron annihilation techniques in two RPV steels. The particle radii were 8A and 
14A prior to heat treatments for the plate and weldment, respectively; annealing leads 
to coarsening in the weldmeut, the volume fraction remains essentially constant r.i 
~0.M%. The model of copper-rich precipitates 'diluted' by Mn atoms or, alternatively, 
by vacancy agglomerates is consistent with the neutron scattering data, the presence 
of simple voids in the weldment would contradict the positron results. Preliminary 
results on these steels and also on related alloys by methods 'new' in this field are 
reported. 

1 Introduction 
The microscopic mechanism of the radiation embrittlement by fast neutron bombardment 
of low alloy reactor pressure vessel (RPV) steels are not yet well understood. This is 
due to the fact that the microstructural damage caused by the impact of fast neutron 
irradiation consists, in this case, of very fine objects (voids, precipitates) which cannot be 
teen by common metallographic techniques (optical or transmission electron microscopy, 
Auger spectroscopy, etc). 

Hence, in order to resolve and identify these defect structures, some other rnicrophysical 
methods are needed; ones which have already been proved to be succesful in this or related 
fields, like the Small Angle Scattering of Neutrons (SANS) (Frisius and Naraghi 1977, 
Frisius and Biinnemann 1979, Schwann and Pachur 1980, Little 1984, Beaven et al 1986) 
or positron annihilation techniques (Highton 1980), but also some 'new' methods which, 
even though well known in condensed matter research, have not yet been applied in this 
field, like, e.g. Muon Spin Rotation Spectrocospy (/iSR) using n+-particles (Sclienck 1985) 
or Diffuse Elastic Neutron Scattering (DENS) (Bauer 1979). 

In this work our first results obtained by some of the above mentioned experimental 
method) (SANS, positron (e+) annihilation, DENS, ftSR Spectroscopy and Small Angle 
X-ray Scattering) as applied to some selected, irradiation embrittled RPV steels are pre* 
sented. Not only could the results obtained by the 'standard' SANS and e+- annihilation 
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methods be used with success to characterize the irradiation induced defects in the two 
sorts of RPV steels studied here, but the tests with the other 'new' methods mentioned 
above are, though preliimnary, also quite proiiusing, indicating a possible field of applica
tion of these techniques in the present context. 

The RPV specimens included both forging and weldirent, irradiated in commercial re
actors on the one hand, and in a research pool reactor, on the other hand. By comparing 
the data obtained on the irradiated and unirradiated (reference) samples, the effect of dif
ferent neutron doses and of subsequent heat treatments in given conditions (temperature, 
time interval) was quantitatively investigated, the size and density of the particles were 
determined. In order to clarify the role of the rest impurity element copper in the observed 
damage pattern, Fe-Cu model alloys have also been included in the investigations. 

2 Neutron Scattering Results 

The results, together with a concise description of the corresponding experimental method, 
are given below. 

2.1 S m a l l A n g l e N e u t r o n S c a t t e r i n g ( S A N S ) s t u d i e s 

It is known that the transparancy of iron (steel) specimens to a beam of low energy (E~ 
3 meV, A ~ 5.2A) neutrons is decreased after a sufficiently high dose of bombardment by 
energetic particles like, for example, fast (E>lMeV) neutrons (Frisius and Naraghi 1977). 

This phenomenon is due to the presence of finely dispersed scattering centres (inhomo-
geneities) having a typical diameter d in the range 10A<d<100.4, which not only hinder 
the motion of dislocations, resulting in the undesirable embrittlement of the material, but 
make themselves detectable by scattering the incident neutron beam in the domain of 
small angles (sini?/2 < A/2<f). 

By using a well collimated monochromatized beam of slow neutrons, the scattering 
experiment is performed according to the scheme in Figure 1, and the difference in small 
angle diffraction intensities from the irradiated and the reference samples is evaluated by 
the standard methods of SANS (Kostorz 1979). 
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Figure 1: Experimental set-up for SANS. The irradiated and reference; specimens are 
regularly interchanged at the sample position during the experiment, so as to insure 
nearly identical measuring conditions. 



3 

On orienting the magnetic moments in the sample, by the use of an external magnetic 
field H, the diffracted intensities are different in the planes parallel and perpendicular to 
the magnetization: the magnetic perturbation caused by the scattering centres leads to 
additional 'magnetic' scattering only in the plane perpendicular to H. 

In Table 1 the composition and irradiation history are given for the two kinds of steel 
specimens for which radiation damage clearly appeared in the SANS pattern. 

Table 1: Composition and irradiation history of the specimens. Only alloy elements of 
interest are shown, ADBTT is the upward shift of the ductile to brittle transition 
temperature as obtained from Charpy tests. The irradiation temperature was 290°C 
in both cases. 

Material 

A 

D 

Origin 

forging, inad. 
expei.(accel:50) 

weldnient, from 
surveillance 

Composition (wt%) 
Si 

0.286 

0.200 

Mn P Cu 

1.47 0.02 0.173 

1.61 0.02 0.26-
0.32 

Fluence 
(n/cnr) 

1.9xl010 

5.4xl017 

ADBTT-41J 
(••C)*) 

65 

72 

") Tipping et al.1987 

In Fig. 2 the difference in diffracted intensities or, put in absolute units, the macroscopic 
cross section <fE/dft of the irradiation induced defect particles is plotted for specimen A. 

Figure 2; Cross section vs momentum 
transfer K = 4>/A • sin 0/2 (0 is 
scattering angle). The solid lines are 
theoretical best fit curves with the 
parameters displayed in Table 2. 

One has to note that the shape of the cross section curve Figure 2 gives quite unam-
bigously the average size and even the size distribution of the scattering objects when, as 
in our case, this distribution is reasonably sharp, but the composition of the particles is 
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another matter: from the integrated cross section and the ratio a of the 'perpendicular' 
and 'parallel' intensities we deduce two quantities related to the contrast and number den
sity of the scattering centres, which help to decide between some given physically possible 
models but cannot, as we shall immediately see, decide between all tilternatives. 

The results concerning size and number density of defects and their evolution with 
heat treatments are given in Table 2. 

Table 2: Damage particle characteristics in RPV steels A and D. Steel D was annealed 
at three different temperatures T j for 1 day. Besides mean radius R, width AR of 
the radius distribution, particle density N and volume fraction f the concentration 
of C'u in the scattering clusters is given, calculated from the assumption that they 
contain Mn atoms or vacancies in addition to copper. 

Material 

(T„rcn 
A 
D 
D(425) 
D(460) 
D(490) 

R[A] 

7.7±0.7 
13.9±0.7 
18.4±0.3 
24.4±0.4 
28.8±0.6 

AR[A] 

1.84 
4.54 
5.30 
7.80 

11.00 

N (10 ,vcni-3) 

8.6±2.2 
1.5±0.2 

0.53i0.02 
0.21±0.01 
0.14±0.01 

fl!%] 

0.165±0.01 
0.i66±0.004 
0.138±0.001 
0.129±0.001 
0.142±0.002 

cone 
(add.Mn) 

0.68 
0.79 
0.83 
0.85 
0.85 

(Cu) 
(add. vac.) 

0.525 
0.690 
0.750 
0.780 
0.780 

Columns N, f and conc(C'u) in this table were calculated on the assumption that the 
scattering particles contain copper as a main constituent. Since the ratio a is fairly in
dependent of K, we can assume the presence of one single species of spherically shaped 
particles, with no magnetization and consisting essentially of copper but 'diluted' by (a) 
manganese atoms precipitating together with Cu, or (b) small clusters of vacancies rep
resenting the original sink for the dissolved Cu atoms. The observed value of a then 
determines the composition of the particles as given in columns 6-7. 

From Table 2 we can conclude that 

i) the particle size in the weldment D is about twice as large already before the first 
heat treatment as that in steel steel A; 

ii) subsequent annealing leads to a coarsening of the particles, with the volume ratio f 
remaining nearly constant after the first heat treatment; 

iii) despite the much smaller fluence, the weldment contains nearly the same volume 
fraction of the damage particles as the forging. 

To decide between the two representative variants of the one-species model (particles 
with Mn atoms or vacancies) or to support eventually a model with more complex particle 
composition or with more than one species (voids besides the precipitates, for example, 
are also compatible with the SANS data), other experimental information is needed. In 
the present case, for example, our positron studies detailed in Section 3 indicate indeed 
the absence of voids in the irradiated D material, giving thereby support to the model 
assuming only one species of irradiation damage particles in this weldment. 



0 

2.2 Diffuse EU.stic N e u t r o n S c a t t e r i n g ( D E N S ) S t u d i e s 

Smaller clusters, containing typically less than a hundred of atoms give rise to a scattering 
pattern which has a structure at larger r ' s , beyond the scope of a SANS apparatus. In 
fact, one sees already in Figure 2 that scattering is still appreciable at the highest K-value 
of the experimental set-up even for particles with R ~ 8A. 

In order to analyse scattering in the range 0.2A-1 < K < 0.6A-1 we used a triple-axis 
neutron spectrometer in the elastic scattering regime. The results are as yet preliminary 
(Solt et al 1986a), since we measured without magnetic field and the resolution was not 
yet optimized. 

We obtained 

i) the averaged scattering cross section (from K 'parallel' rind 'perpendicular' to the 
local magnetizations) which fits well together with the SANS data, except for 

ii) a structure near K = 0.42A-1, which is due to some small defects in the unirradiated 
state. This structure is modified as a consequence of the irradiation. 

Further investigation of this feature in the scattering pat ten is under way. 

3 Positron Studies 

3.1 E x p e r i m e n t a l Techn iques 

The positron lifetime measurements (Ghazi-Wakili et al 1987, Sharma et al 1983) were 
carried out at room temperature by means of a fast coincidence timing spectometer tising 
the 1.28 MeV 7-radiation of the 22Na /$+-source as the start signal and the 511 keV 
annihilation radiation as the stop signal and constant fraction discrimination in the tv.o 
channels. The conventional source-sample assembly contained 3 ;i-Curie 22NaCl sealed 
between two 13 /mi thick Melinex foils. The time resolution of the system was 260 ps 
FWHM. 

The peak height (PII) of the 2-7 angular correlation curve (Hautojarvi 1979) was 
measured as a function of the sample temperature by means of a long-slit device with 
fixed zero correlation angle and with a broad angular resolution (3.4 mrad). The positron 
source was 1 Curie 84C'u in the form of thermal neutron activated copper sheets placed in 
a vacuum chamber behind an aperture in a distance of 1x2 cm2 from the sample (2 cm, 
0.3 nun thick). The PH is measured as function of the sample temperature at a constant 
heating rate of 1°C /minute between rcom temperature and 825°C and subsequently on 
cooling with the same rate down to 100"C . 

3.2 R e s u l t s a n d Discuss ion 

The mean positron lifetime (see bottom row Table 3) of irradiated material D is only 
slightly reduced after annealing. The lifetime r? of the two samples was very close to the 
lifetime of positrons in single vacancies in iron (Vehanen et al i982). The meaT lifetime of 
the unirradiated sample was much larger than the values found after irradiation. This is 
mainly due to a long lifetime component of T-I ~450 ps which appeared in the unirradiated 
sample only. Such a long lifetime can occur only if there are large voids present in the 
metal (Nieminen and Laakonen 1979, Puska and Nieminen 1983). 
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Table 3: Positron Lifetime components according to the 2-state trapping model (Sharma 
et al 1983, Hautojarvi 1979) of different states of material D measured at room 
temperature. 

lifetime rt ps 
intensity / j % 
lifetime r2 

intensity /2% 
fit variance 
mean lifetime ps 

unirradiated 

144+-2 
91.5+-0.8 
4S7+-23 
8.5+-0.8 

1.069 
170.0+1.3 

irradiated 

120+-10 
67+-21 
179+-19 
33+-21 
2.182 

139.5+-0.8 

irrad./annealed' 

104+-11 
63+-16 
179+-17 
37+-16 

1.021 
131.5+-1.6 

*) 100 minutes at 595"C , slow heating and cooling (PC /mill) 

Assuming voids and vacancies in iron and using the simplified treatment of the 3-state 
trappig model given by Vehanen et at 1982 one obtains a volume fraction of voids of 
f=0.9±0,3 ppm and a monovacancy concentration of c=4.5±2.5 ppin for the unirradiated 
material D. The ntonovacancy concentration in the irradiated and annealed sample is 
c=1.5±0.8 ppm according to the 2-state trapping model using the same specific trapping 
rate as above. The fact that no voids were found after irradiation does not necessarily mean 
that the voids have been destroyed during irradiation. The reason is that the samples were 
cut from different regions of the weldment. It is therefore possible that the unirradiated 
(ample was from a region which contained weldment pores. 

The main conclusion which can be drawn from the above results is that irradiation did 
not induce voids of a volume fraction greater than ~1 ppm. This low limit is a consequence 
of the high sensitivity of the positron lifetime method which is demonstrated by the result 
that voids of this low concentration were detectable in the unirradiated sample even in 
the presence of a somewhat higher concentration of smaller trapping sites. 

Unfortunately, lifetime measurements were not possible with material A because of the 
high background radiation which is mainly due to the higher neutron dose. On the other 
hand, first results with X-ray small angle scattering confirmed that the formation of voids 
during irradiation is unlikely also in this material. A recent investigation (Lopes Gil et al 
1985) on similar RPV steels irradiated by neutrons at 290"C agrees well with the above 
observations. 
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Figure 3: Relative peak height &N/NnEF vs temperature for materi.il A after irradiation 
with fast neutrons (1.9xl019 n/cm2 at 290*>C ), &N = N - NREF,NRBF = PH of 
the unirradiated sample. 

Figure 3 shows the PH-curves of material A before and after irradiation to 1.9 x 
1019 n/cm2 at 290°C . Two annealing stages are indicated by the drop of the PH at around 
460°C and 550°C . The unirradiated sample shows no variation of the PH. The first stage 
at 450°C is probably related to the recovery in hardness (Tipping et al 1987) observed 
after irradiation under identical conditions. At present the nature of the defects which are 
responsible for the observed changes in PH are not known in detail. From the arguments 
given above formation of voids seems to be unlikely. SANS indicated that small particles of 
about 15A in diameter are formed during irradiation, and recently a considerable reduction 
of the number of these particles after annealing for 24 h at 420°C was observed. It 
•eons therefore that the PH-eflects are due to the interaction of the positrons with these 
particles. This agrees also with a recent positron study on unirradiated binary Fe-0.8% Cu 
alloys (Ghazi-Wakili et al 1987) which showed that precipitation and redissolution of the 
copper particles lead to similar PH-variations. It is believed that the interface between 
the particles and the matrix contains large amounts of vacancy-type trapping sites for 
the positrons due to the misfit of the different lattices of the bcc matrix and fee copper 
particles. 

4 Preliminary Studies using /JSR Spectrocospy 

By muon spin rotation spectrocospy (Schenck 1986) one can measure, among other things, 
the magnetic field at the lattice sites where the implanted muon is trapped, and the 
degree of inhomogeneity of this field. Since a number of successful experiments have been 
done to investigate thermal evolution of vacancies in iron produced by electron irradiation 
(Moslang et al 1983), we tried to extend such work first to binary Fe-C'u alloys in two 
states: supersaturated homogeneous solution containing 0.8 wt% copper, and similar but 
thermally aged samples with Cu precipitates (radius 60-80A). The idea is that if the 
spectrum of the muon spin precession frequencies or the relaxation rate of the signal have 

http://materi.il
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some characteristic features in the presence of copper-rich clusters, this could be used 
to identify such clusters in irradiated copper-rich RPV steels as well. Also, the eventual 
presence of Ni-rich agglomerates might be studied in Fe-Cu-Ni ternary alloys, again leading 
to possible conclusions for RPV steels. 

The results with /iSR are preliminary, the set of data is its yet incomplete. We mention 
merely two observations here (Solt et al. 1986b), which make further work in this direction 
promising: 

i) The signals from the homogenized and thermally aged Fe-Cu sample are significantly 
different, the presence of precipitates increases the relaxation rate (possibly by trap
ping mechanisms); 

ii) there is also a difference in the signal from irradiated and unirradiated RPV steel 
specimens (material A). 

5 Conclusions 

From our study of the two kinds of embrittled RPV steels we can conclude the following: 

1. The SANS data prove that in both materials, having a comparable shift in DBTT 
but entirely different irradiation histories, the irradiation defects consist of small 
particles (R= 8 A for the forging, R14 A for the weldment) making up 0.14-0.16% 
of the total volume. The mode' assuming that these particles contain a majority 
of Cu atoms diluted by Mn atoms or vacancy agglomerates is consistent with the 
copper supersaturation of these materials and explains the SANS data; 

2. in view of the very low fluence seen by the weldment (5xl017 n/cm2), the observed 
large density of defects in steel P is a fairly interesting fact. The increase in particle 
size accompanied with a reduction of number density, keeping the volume fraction 
nearly constant after the slight decrease with the first anneal at 420°C is in accor
dance with other data (Beaven et al 1986); 

3. the presence of voids as a second species beside the copper rich precipitates in the 
irradiated weldment D seems to be excluded by the present positron annihilation 
results; 

4. the first experiments with some new methods in this field, like DENS, small angle 
X-ray scattering and /*SR spectroscopy indicate that these too may contribute to 
understand the mechanism of radiation embrittlement. 
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