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1. INTRODUCTION 

Small Angle Neutron Scattering (SANS) represents a new useful 

technique to investigate some characteristics of solid state 

transformations of metallic materials. In the last few years, indeeed, 

application of SANS in investigation of technological interest, has grown 

continuously. 

This fact is due to the high sensitivity of SANS technique in the 

characterization of degradation effects in materials such as 

precipitates, microcavities, dislocations. Another advantage of the use 

of neutrons is given by the low absorption cross section which allows 

penetration distances in investigated materials of the order of a few 

centimetres. Furthermore, the SANS resolution is situated between the 

Bragg neutron scattering and the neutron radiography resolution, allowing 
o 4 e 

the observation of objects having dimensions from 10 A to 10 A. 
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Detailed reviews of the theory and the description of some 

applications of the SANS technique can be found in refs. |l-2l|. The 

SANS applications range from -the determination of the voids distribution 

in irradiated Al crystal |6| to the study of the M C precipitation in 
23 6 

AISI 304 stainless steel |17-21|. 

Small Angle Neutron Scattering can be particularly interesting for 

Al alloys as an aid for other well-known techniques (electrical 

resistivity measurements, X-ray diffraction, electron microscopy . . . ) , 

taking into account the complexity of the phenomena involved in the aging 

process |16,22,|. As an example of the application of SANS to this kind 

of problems, in the present work we have investigated some features of 

the ageing process of an Al-Mg-Si alloy which is, as well known, a 

complicated task. 

The Al-Mg-Si alloys (with Mg and Si content generally ranging from 

0.4% to 1.2%) are, together with Al-Cu and Al-Zn-Mg system, the typical 

age-hardenat>e Aluminium alloys. Due to the particular combination of 

chemical, physical and mechanical properties, they are the most employed. 

The present alloy was also proposed as a possible structural material for 

the first wall of a fusion reactor. For this purpose the low activation 

characteristics play an important role. In this case it is also 

necessary to use very high purity Al (99.995%) to reduce the residual 

a tivation arising from impurity contained in commercial product (Fe, Mn, 

Ni, Zn, etc.). 

The properties of these alloys are mainly due to the precipitation 

process of the Mg Si phase, induced by a thermal treatment at low-medium 

temperature after quenching from the solubilization temperature (500* 

530°C). The precipitation process from the solid solution has been 

widely investigated by different experimental techniques: the accepted 

sequence of precipitation is the following |23-27|: coherent Guinier-

Preston zones (needle-shaped); partially coherent intermediate fl'-Mg Si 
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phase (rod-shaped); incoherent equilibrium fi-Ng Si phase (plate-shaped). 

Guinier-Preston zones are the main agent responsible for the hardening of 

these alloys, with a very wide range of existence (up to 200°C) and a 

very high stability. In concentrated alloys and in the maximum hardening 

conditions the needles can reach a length of about 100 run, with a 

15 -3 
diameter of 6 run and a density of about 5*10 cm . Prolonged thermal 

treatments at appropriate temperatures determine the appearance of B' 

phase which,as rod, can grow up to 100 run in diameter and 1 urn in length; 

at last, further ageing causes the formation of plates from Q' phase. 

With the present investigations we have analyzed by SANS the 

distribution of precipitates at four different teaperatures, particularly 

important from the industrial point of view: T=20°C, T=100°C, T=175°C 

and T=285°C, in an Al-Ng-Si 0.34% high purity alloy. The results are 

compared and discussed with reference to Transmission Electron Microscopy 

(TEM) observations and resistivity measurements. 

2. SAMPLE PREPARATION 

The samples were prepared by conventional processing methods of 

aluminium industry, starting from high purity aluminium: D.C. casting of 

ingots; homogenization treatment; hot extrusion to produce bars of 

circular cross-section with a diameter of 14 mm. The chemical 

composition of the alloy is given in Table 1. 

For SANS and TEM analysis several disc-shaped samples with a 

thickness of about 2 mm were then obtained and thermal- treated in two 

steps : 

solubilization treatment at 510°C for lh followed by water quenching 

at T=0°C 

ageing treatment: natural ageing of 2 months at T=20°C, artificial 

ageing of 24 hours at T=100»C, T=175°C and T»285°C 



4 

three samples were aged at T=210°C for different periods, namely 

1 hr, 3 hr, 6 hr. 

For resistivity measurements wires with a diameter of about 1 mm 

were obtained by cold drawing part of the extruded bar. 

3. RESISTIVITY MEASUREMENTS 

Resistivity measurements were carried out on wire samples 500 mm in 

length, at T=-196°C by the standard potentiometric method. The 

resistivity variations were calculated from the formula 

A p = p - — (1) 
o R 

o 

where R and P are the resistance and the resistivity, respectively, 
o o 

of the alloy after quenching from the solubilization temperature, and A 

indicates the resistance variation after any thermal treatment. 

Fig. 1 shows the isochronal ageing curve (2 min) from T--80°C to 

T=300°C after quenching from T=510°C: the resistivity shows an increase 

at T=0°C (due to Giunier-Preston zone formation), reaches a saturation 

value at about T=80°C up to 200°C; at higher temperatures it suddenly 

decreases (due to 8' and 8 precipitations). Fig. 2 reports the 

isothermal curves at T=20°C, T=100°C, T=175°C and T=285°C up to 24 hours, 

after quenching from T=510°C. At T=20°C the Guinier-Preston zone 

formation process determines a slow increase of the resistivity, which 

reaches (not shown in Fig. 2) a saturation trend after two months. At 

T*100°C up to 24 hours, the trend is always typical of a Guinier-Preston 

zone formation process; at higher temperatures, the curves are, on the 

contrary, mainly characterized by an important resistivity decrease, due 
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to B' and B phases precipitation. It is possible to estimate that, after 

24 hours, the precipitate solute fraction Mg+5i is about the 31% and the 

68% of initial concentration, for T=175C and T=285C, respectively. 

4. TRANSMISSION ELECTRON MICROSCOPY 

TEM observations were carried out by a Siemens Electron Microscope 

on the same samples previously used for SANS investigation, after 

electrolytic thinning; this was performed at T=-35°C in a solution of 3 

parts anhydrous CH OH: 1 part concentrated HNO by volume (potential 15 
3 2 

V, current density 1 Amp/cm ). 

Fig. 3 shows the fine precipitation occurring at T=100°C after 24 

hours of thermal treatment. The morphology of precipitated particles at 

T=175°C (mainly needle shaped Guinier-Preston zones) and at T=285°C 

(mainly rod shaped Mg Si phase) is visible in Figs. 4 and 5, 

respectively. 

Fig. 5a and fig. 5b refer to the samples aged at T=210°C during 1 

hour and 6 hours, respectively. The main difference which can be inferred 

between the two latter cases concerns the number of the precipitates. A 

slight increase in the dimensions can also be observed. 

5. THEORETICAL PRINCIPLES OF NEUTRON SMALL ANGLE SCATTERING MEASUREMENTS 

SANS is related to the scattering occurring at values of the 

scattering vector Q small compared to the reciprocal lattice vectors in 

crystalline substances, i.e. one must have Q.R« 1 where R is the 

distance between nearest neighbours. 

In the frame of the Born approximation, the coherent scattering 

cross section is given by |2| 
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* * 2 
dE(Q) I f , , * » - , iO.r * 

(p(r)-i>) e dr 
sample 

131 - J-1 [ 
IQ N J 

(2) 

where p(r) is the locally averaged scattering length density and p is 

the same quantity averaged over the sample. N is the number of 

scattering centres. 

For a sample consisting of N identical particles with a volume V 
P P 

dispersed in a matrix, the coherent scattering cross section can be 

written in terms of a single-particle form factor F(Q) by the equation 

2 

Ì 1 ( Q ) = ! P A ( P - P )
2|F (Q)|2 (3) 

dfi N p m p 

where p and p are the scattering length density of the matrix and 
m p 

the particle, respectively. 

In eq. (3) 

* I f lO.r • 
F (0) -—- e v dr (4) 
P V J 

P r 

represents the single particle fonr factor. 

For instance, for a system of non interacting identical spheres one 

finds |28I, 

|F (0)|2 = [3(sin(QR )-QR cos(QR )/Q3R3)]2 (5) 
p s s s s 

where R is the sphere radius. For a cylinder of diameter 2R and 
s 

height L |28) one has 

r> n J 1 ( 9 R ) r> 

where J is the first order 3«:ssel function. 

In the following we recall some useful results which can be obtained 

from the general theories of Small Angle Scattering |2,28,29|. 
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a - Extrapolation to Q=0. From eq. (3) and eq. (4) one obtains 

2 2 
V N (p -p ) 

± (Q) - P PM
 P m (7) 

dfi N 

Then, if the volume and the scattering contrast Ap of the particles are 

known, it is possible to determine the number N by extrapolating to 
P 

0=0 the measured scattering curve. 

b - Guinier approximation. It can be shown that for sufficiently low 

values of Q the so-called Guinier law is valid 

2 2 
Q R G 

21 (Q) = Ke 3 (8) 
da 

where K is a constant and R is the gyration radius defined as the 
G 

mean square distance from the centre of gravity: 

<-±\ r2 dr . (9) 
V 

P P 
/3" 

For spherical particles R = / — R . The Guinier law is a universal 
G 5 s 

approximation for the central part of the small angle scattering function 

valid for all particles. 

From eq. (8) one obtains 

mii(0) = lr. K - ^ Q 2 (10) 
d(2 3 

dr 2 
By plotting l n ( — ( 0 ) ) as a function of 0 , one should obtain a 

d 0 R2 
straight line whose slope is -~- . 

c - Porod approximation. For homogeneous particles each having a 

surface S., at sufficiently large Q values (Q must be larger than the 

reciprocal value of the shortest dimension of the particle), the so-

called Porod law holds: 
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Ì!(Q, . 2£(Ap)ls { n ) 
dD Q4 p 

P 
where S = J S, is the total particle surface per unit sample volume 

P i=l 
(N is the precipitate number per unit volume). It follows that the asymptotic 
P 

behaviour of the coherent scattering cross section depends uniquely on 

the external surface of the particles and one can derive the surface S 

2 P 

of the particles by inserting in eq. (11) the value of Up) . 

d - Integrateti intensity. The integration of the coherent scattering 

:roi 

|2| 

di * * 
cross section — ( Q ) over all Q values in the two phase model yields 

do 

5(0) = 4n [4£(Q)Q2dQ = (2n)3 C (1-C )(Ap)2 (12) 
J dfl P P 
o 

N 

Spv. 
i=l i 

where C = Ì3 the volume fraction of particles, i.e., the total 
volume of the particles per unit sample volume. Eq. (12) holds when 

c <io"2. 
P 

Models including a distribution of particles with different sizes 

can be adopted and their predictions fitted to the experimental data. 

Examples cf the application of this method to the study of internal 

structural discontinuities can be found in the literature |28|. If the 

sizes and the orientations of the particles are independent one obtains 

161 

S I - 5 < s » > 2 

do 

V2(R) f(R) i (OR) dR (13) 
o 

where N is the mean number of particles, f(R) is the normalized 
2 

distribution function and i (QR) = |F (Q)| is the form factor of the 
o P 

particle. Solution of eq. (13) allows, in principle, to determine the 

size distribution of part ic les . 
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6. SANS EXPERIMENT 

6.1. Description of the experimental technique 

SANS measurements were performed on D17 low-Q high resolution 

spectrometer at the High Flux Reactor of the Institut Laue-Langevin in 

Grenoble. 

The apparatus is installed at the exit of a slightly curved cold 

neutron guide. The neutron wavelength distribution available at the 

6 
sample is shown in Fig. 8. The beam flux at the sample is of about 10 

2 ° 

neutron/(sec.cm ) at X =12 A, while the background is of about 3-5 n/sec 

for the whole multidetector. 

The neutron monochromation is obtained by mechanical velocity 

selectors consisting of rotating drums, with axes parallel to the beam 

direction, provided with cadmium helical slits on the surface. At a 

given angular velocity of the drum, only neutrons with appropriate 

velocity can gc through the slits without being absorbed. With this 

method one obtains a triangular wavelength distribution with a FWHM (Full 

Width at Half Maximum) AX A of 10% or 14%. At high scattering angle, 

the scattering vector resolution AQ is proportional to QAX/X. At low 

angles, AQ depends on the collimation of the incident beam and can 
-3 °-l 

reach the value 2*10 A . The divergency of the incident beam can be 
-2 -3 

varied between 2*10 rad and 5*10 rad. 

The instrument is equipped with a BF multidetector situated in a 

vacuum tube which can be positioned at 1.46 m or 2.8 m from the sample 

and can be rotated around the sample from 0° to 90° from the incident 

beam direction. The multidetector consists of 16000 counting cells each 

2 2 

5*5 mm , distributed in a 64*64 cm area. Each element is a ionization 

chamber type detector containing BF at a pressure of 900 torr. The 

elements are located between two glass sheets each holding a strip of 128 

electrodes disposed horizontally on one glass sheet and vertically on the 

other one. Each electrode is connected to a preamplifier, an amplifier 
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and a discriminator. An event and its coordinates are given by the 

coincidence of two impulses in the two directions. A typical data plot 

is shown in Fig. 9. 

The primary neutron beam is absorbed by a cadmium plate having an 

2 
area of 4*6 cm , in front of the detector. In order to determine the 

position and measure the intensity of the incident neutron flux, the 

beam-stop can be substituted by a semitransparent gadolinium plate. 

The instrument control and the data acquisition are performed by a 

PDP 11-40 computer. Some on-line data reduction treatment and display are 

possible on measured spectra. Afterwards the data are transferred to the 

main PDP 10 computer. Some ancillary equipments are available, such as 

Cryomagnet, automatic sample changer, Eulerian cradle and a chopper 

allowing easy wavelength calibration and eventually some time-of-flight 

analysis of the scattered beam. The general assembly of the instrument 

is shown in Fig. 10. 

6.2. Data elaboration procedure 

The measurements were performed with a sample-detector distance 
o 

d ~ 1.46 m and incident neutron wavelength A = 10 A, which allows the 
so 

°-l °-l 
measurement of a 0 range from about 0.C1 A to about 0.15 A . 

4n 
Where 0 is the scattering wavevector defined by Q =——sine , 29 

being the full scattering angle. In the real space this Q interval 
0 

corresponds to an observable particle size R ranging from about 20 A 
o o 

to about 300 A. Besides, with the selected X = 10 A wavelength, 

double Bragg scattering cannot occur. 

In order to obtain the absolute scattering cross section a 

calibration was made using water in a quartz cell as standard: in this 

case there is no SANS effect and by measuring the incoherently scattered 
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neutron intensity it is possible to determine the absolute neutron flux 

because the water incoherent scattering cross section is known from the 

literature |30|. 

The coherent neutron scattering cross section — (Q) was obtained 

by dividing the scattered intensity of each sample by the reference water 

spectrum (in order to normalize to the absolute neutron flux) and by 

multiplying by a coefficient containing the water incoherent scattering 

cross section (0)) „• The following equation is used: 
d a H

2° 

I T 
d£ , „ s s ,dr. 
T5 (Q) = (I -T 1 )T ft

 (*T>H O ( 14) 

H 0 H 0 Q H O 2 
2 2 2 

where I is the scattered intensity and T the transmission 

coefficient. The suffixes S and Q refer to the sample and to the 

empty quartz cell, respectively. The transmission coefficients are 

determined by using the neutron intensity measured behind the semi-

transparent Gd beam-stop. It must be noted that the ratio between I 
s 

and I allows to eliminate the effect of the multidetector cell 

efficiency variation. In fact, the value of the call efficiency 

decreases moving far from the centre of the detector. All the data 

reduction were made by the isotropic scattering analysis routines 

available at the Institut Laue-Langevin |3l|. 

6.3. Neutron scattering patterns. 

d£ 
Fig. 11 shows the coherent differential cross sections, — — (Q) , 

2 d° 

versus Q , obtained from eq. (14) for the samples aged for 24 hrs at 

T*20°C, T=100°C, T=175°C and T=285°C. 

The data were obtained by averaging the intensity associated with 

the cells of the multidetector being at the same distance from the 

centre. The isotropy of the neutron scattering in reciprocal space was 

checked by the D17 neutron multidetector. Fig. 12 shows a typical map 
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of the neutron iso-intensity curves obtained with a sample aged at 

T=175°C for 24 hrs. Similar maps have been obtained for the other 

samples. 

A first interesting feature of the data reported in Fig. 11 is given 

by the sensitivity of the technique in detecting the variation of the 

neutron scattering intensity for different investigated samples. This is 

the great advantage of using neutron instead of the X-ray scattering in 

the study of this particular alloy. In fact the sensitivity of the X-ray 

technique is too low because Al, Mg, Si have adjacent atomic numbers, so 

that the contrast between precipitates and matrix almost vanishes. For 

all the investigated samples a Q-independent background is observed: it 

arises from incoherent neutron scattering and diffuse scattering which is 

isotropic in the small angle scattering region. 
di , , 

Fig. 13 represents the coherent differential cross sections, — — (Q) 

2 
versus 0 , obtained for the samples aged at T=210°C for different 

ageing times (lh, 3h, 6h). In this case, the observations were performed 

in situ using a scan technique with data storage performed at intervals 

of approximately 15 min., after which the multidetector was zeroed and 

counting resumed. An increase in the neutron coherent scattering cross 

section as a function of ageing time is observed. This means an increase 

in the total volume fraction of the precipitates. 

6.4. Data analysis 

Data analysis was performed by assuming that scattering profiles are 

determined by a dilute system of particles having different size but 

equal shape. Under this assumption the measured intensity after 

background correction is given by: 

%-{Q) = U p ) 2 f D (R) V2(R) i (QR) dR (15) 
dO J n o 
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where Ap is the contrast in scattering length density between the 

particles and the matrix. D (R) is t*ie unknown size distribution, 
n 

V(R) is the particle volume and i (QR) is the normalized form factor 
o 

of a particle having the assumed shape and size R. A least square fit 

of the data was performed by approximating the unknown density D (R) 
n 

with a linear combination of cubic spline functions. 

In order to have a better description of a wide range of R values, 

the knots of spline functions are chosen as equispaced in z = InR, i.e. 

we assume: 
\ 

D (R) = I C • (z) (16) 
n k k 

where R = exp(z) and the N +3 knots are equispaced in z between 
k 

z , and z 
min max 

Two different form factors can be used in the analysis: one 

corresponding to spherical particles |18|: 

>* . ( Q a ) __ sen(QR) - QRcos(QR) ]2 ( 1 ? ) 

(QR)3 

and one corresponding to rod-like particles |18|: 

In eq. (17) R is the radius of the particle; in eq. (18) J is the 

first order Bessel function, R is the radius of Rod's cross section and 

L is its length. The ratio K = L/R in eq. (18) was assumed as fixed 

in the fitting procedure. 

The least square problem looks like a simple linear problem as from 

eqs. (15) and (16) one has: 

3S).«.,*kw,. 
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where 

*, (0) = I V2(R) L (QR! # (lg R) dR (20) 

k J o k 

and integration can be easily performed numerically. 

However, there are two major complications. The first one arises 

from the intrinsic positive nature of the size distribution D(R), the 

second from the peculiar features of the integration in eq. (20) which 

makes inversion of eq. (15) particularly ill conditioned if a large 

number N of parameters is used. Both problems were faced making use 

of particular regularization techniques based on weighted constraints. 

Two types of constraints were used: 

a) Smoothing constraint: 

a further contribution to the sum of residues is added, of the form 

V 1 2 2 
k k k-1 k 

(this corresponds to assume as "a priori" information on the parameters 

C , the statement that their difference is 0±o ). 
k k 

b) Damping constraint. 
o 

Starting from an initial guess of the size distribution D (R), and 

given a sufficiently narrow grid of values R = R (i=l,....n.) the 

contribution I.[D(R.)-D (R.)1 lo is added to the sum of residues of 
iv i i J l 

the least square problem. As the initial value of D(R) corresponds 

o 
exactly to the constraint D (R) only the incomplete matrix of the 

linear system of normal equations is modified. Normal equations were 

solved in the parameter corrections and the problem is iterated assuming 

the last obtained size distribution D (R) as constraint. If the weights 

2 

» are fixed it can be shown that the procedure corresponds to a 

viscous damping of variations in D(R) induced by the least square 

criterium and that, if convergence is reached, the asymptotic solution 

coincides with the "true" solution of the problem without damping. This 
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procedure is then useful in non linear least square problems to avoid 

oxillations outside the approximate linear region but it seems useless in 

a linear case. However, letting o. depend on the current value of 

D(R) it is possible to constrain the iterative procedure to approach 

asintotically a certain D(P.) different from the linear solution. 

J J 
we assumed a. = oD (R ) for each iteration J and used a positive 

l l 

D (R) as a first guess. As the "strength of the constraint" —qr grows 
a. 

if D. becomes smaller, choosing o in an appropriate way one succeedes 

in reaching an approximate positive solution D(R) which does not 

appreciably depend on the constraint in those regions where D(R) is 

large. 

Since this constraints acts also like a viscous smoothing it is not 

usually necessary to use further regularization of type a). Errors in 

D(R) were calculated from the normal equation inverted matrix 

(covariance matrix), obviously without the viscous damping contribution. 

It was not possible to correctly account for the effect of constraints to 

positive D(R) values. 

7. RESULTS 

Figs. 14 and 15 show best fit and corresponding size distributions 

obtained with samples aged at T=20°C and T=100°C. Both distributions 

were obtained using the spherical form factor i given in eq. (17). 
o 

This led to a better fit than the rod-like form factor although one knows 

that even both G.P. zones and precipitates should have needle-like 

growth. Indeed the size of probable precipitator is too small at such 

temperatures (smaller than the neutron wavelength), and lies at the lower 

observation limit of the method. Figs. 16 and 17 show the case of ageing 
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temperature T=175*C and T>285*C. A rod like fora factor was used with 

ratio L/R = 20 in accordance with TEN observations. The shaded area 

corresponds to the error band. 

For a correct understanding of the results here reported, attention 

•ust be payed to the fact that the size R appearing in eq. (17) and in 

Figs. 14-15 represents the sphere radius, whereas in eq. (18) and in 

Figs. 16-17 it represents the radius of the rod cross section. 

Considering this fact, a progressive increase of the size of the 

precipitates is observed as a function of the ageing temperature. 

The SANS data appear to be in qualitative agreement with the TEN 

observations. In fact, for the samples aged at T=20°C and T=100°C 

they give no real information as discussed before. For the samples aged 
e 

at T=175*C, R values of the order of 50A appear, corresponding to a 
e ^ ^ 

length LslOOOA, which is in satisfactory agreement with TEN observation 

(see Fig. 16). The sample aged at T=285°C (see Fig. 16) is 

characterized by the appearance of sensibly larger precipitates, with R 

e • 

values of the order of 300 A, corresponding to L = 6000 A; in fact, 

rods of this size are well visible in the picture of Fig. 5. 

Figs. 18, 19 and 20 show the results concerning the kinetic 

experiments, deduced from the data reported in Fig. 13. A general slight 

increase of precipitate dimensions appears between typical values of 

R-40A (L-800A) and R-60A (L-1200A) in agreement with TEN data. 

Moreover, an increase of the total number of precipitates occurs between 

1 hour and 3 hours treatment time, whereas this number remains almost 

cr**stant between 3 hours and 6 hours. 
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8. COMCLUSIOMS 

The present work, in which SANS was applied to the study of the 

coaplex precipitation process in Al Mg Si alloy, shows that this 

technique can be a useful tool for getting information on Microscopic 

features of complex Metallurgical systems, strictly related to chemical 

and mechanical properties. The chosen alloy was particularly significant 

for its metallurgical and commercial interest, for the complicated nature 

of processes following thermal treatment. It is also to be noted that 

this alloy is not accessible to X-ray small angle scattering measurements 

due to the low contrast of the three atomic species involved. 

From the analysis of coherent cross section curves information was 

obtained on the size distribution function of the precipitated phases 

(G.P. zones, partially coherent rod-shaped I'-Mg Si phase, incoherent 

plate shaped B-MgSi phase) induced by thermal processes. 

A satisfactory agreement was obtained with electric resistivity 

measurements and Transmission Electron Microscopy. It appears that SANS 

is largely complementary to such techniques especially if the Q range 

can be appropriately selected. 
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Table 1 

Analysis of the Al-Mg-Si alloy 

Elements wt % 

Mg 

Si 

Al 

0.72% 

0.34% 

balance 

Impurities present 

Fe 

Cu 

Zn 

Mn 

Ni 

32 ppm 

26 ppm 

2 ppm 

2 ppm 

1 ppm 
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Fig. 1 Resistivity isochronal ageing curve (2 min) from T=-80°C to 

T=300°C, after quenching from T=510°C. 
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Fig. 2 Resistivity isothermal curves for the samples aged at T*20°C, 

T=100°C, T=175°C and T=285°C up to 24 hours, after quenching 

from T=510°C. 



o 

8 
i-» 
H 

H 

<0 

"O 
« 
§? 
>> 
O 

S 
CO 

I 

8 

$ 

<M 
O 

c o 
•rt 
• P 
(0 

> 
0) n o o 

(0 
b 
3 
O 

x u 
U O 

m 

3 



. / * • V i Si*-.* / „ 

IT) 

r» 
ii 

(0 

T3 
<b 
QO 
ffl 

>> 
O 

c/D 
I 

St 
I 

o 
c 
o 
•H 
•p 
(0 
> 
n> 
w 
o 

s 
w 
H 

QO 

CO 
u 
3 
o 

£ 

CM 

u 
o 



Fig. 5 TEM observation of the sample aged at T=285°C for 24 hours. 



Fig. 6 TEM observation of the sample aged at T=210°C for 1 hour. 
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Fig. 8 Wavelength dependence of the beam -flux at the sample of D17, 



Fig. 9 Typical data plot obtained by the D17 multidetector. 
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Fig. 10 Schematic view of the 017 Small Angle Neutron Scattering 

facility at the High Flux Reactor of the Institut Laue-Langevin 

in Grenoble. 
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Fig. 11 Scattering curves for the samples aged at T=20°C for 2 months 

and at T*10OBC, T*175°C and T=285°C for 24 hours. 
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Fig. 12 Neutron isointensi ty map obtained for the sample aged at 

T=175°C for 24 hours. 
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Fig. 13 Scattering curves for the samples aged at T=210°C for 1 hour, 
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Fig. 16 Best fit and size distribution function of precipitates in the samples aged at T=175°C. 

The precipitates are supposed to be cylindrical-shaped. 
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Fig. 19 Best fit and size distribution functions of precipitates in the sample aged at 210°C after 2 hours. 

The precipitates are supposed to be cylindrical-shaped. 
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Fig. 20 Best fit and size distribution functions of precipitates in the sample aged at 210°C after 3 hours. 

The precipitates are supposed to be cylindrical-shaped. 



Edito dall'ENEA. Direzione Centrale Relazioni 
Viale Regina Margherita 125, Roma 

Arti Grafiche F. Santarelli - Via Baicnto 41/83 - Roma 


