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INTRODUCTION

So far the great majority of work carried out with neutron scattering
techniques could be classified under fundamental research. Many laboratories
in the Member States are feeling pressure to direct more of their efforts
into areas related to the national research priorities. Furthermore, it is
realized that as the funding situation for several medium flux facilities
has become tighter, the need for specialization and international collaboration
with the relatively few high-flux facilities increases. To emphasize this
point, a study was recently commissioned by the Argonne National Laboratory
to determine possible uses of neutron scattering in industrial research and
testing and in areas not influenced by present neutron research_. The
possibilities for fundamental and applied research offered by new high
intensity neutyon sources currently being proposed have been reviewed
elsewhere- A4

This publication, which is the result of an Advisory Group Meeting on
Neutron Scattering in Applied Research held in Ljubljana, on 1-4 December
1976, with subsequent contributions from the participants, focuses more on
the possibilities offered by medium flux facilities. The following areas
of materials science, technology and biology were reviewed&

- magnetism
- determination of hydrogen selfdiffusion constants and ionic

mobility in superionic conductors
- liquid crystals
- molecular solids
- polymers
- surface chemistry and catalysts
- colloids

- biology
- physical metallurgy
- neutron diagnostics.

A paper summarizing, in more detail, established applications and new
proposals for research projects in these fields with neutron scattering
techniques will be published in the Atomic Energy Review, Vol. 15, No. 4, 1977,
which the reader is advised to consuxt for further information.

The assistance of the participants of the meeting, in the preparation
of this publication, is gratefully acknowledged and it is hoped that an
even larger audience in the scientific community and industrial research
establishments would benefit from their efforts.

1/ Applications of high flux neutron sources in technology and biology,
Study performed by the MITRE Corporation, to be published by the
Argonne National Laboratory.

2/. Report of the Linac Review Group, UK Science Research Council, Science
Board, Neutron Beam Research Committee, November 1975.

3/ Uses of advanced pulsed neutron sources, Report of a workshop at
Argonne National laboratory, 21-24 October 1975, ANL-76-10, Vol. 2*

A pulsed neutron facility for condensed matter research, edited by
L.C.W. Hobbis et al., RL-77-064/C, June 1977.
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NEUTRON DIAGNOSTIC INVESTIGATIONS WITH A RESEARCH REACTOR

A.A. Harms

McMaster University

Hamilton, Ontario, Canada, L8S 4M1

Abstract

Some aspects of the use of neutron transmission analysis in

applied research, as persued at McMaster University (Canada),are

examined. Examples considered are void measurements in two-phase flow,

neutron conversion enhancement in neutron radiography, reconstruction

of interior bulk heterrogenities in solids and temperature sensing

with 'neutrons.

Introduction

For purpose of this report, we find it convenient to make a

distinction between microscopic and macroscopic neutron diagnostics:

the former is based on the use of scattered monoenergetic neutrons and

provides information on the atomic scale of a material specimen while

the latter is characterized by the use of a spectrum of incident neutrons

and the subsequent analysis of the uncollided neutron beam leading to

information on the bulk or gross material features under both static

and dynamic conditions. The attached figure, Fig. 1, displays this

distinction in graphical form.

Our interest here is to discuss some analytical aspects and

experimental demonstrations of the latter, that is macroscopic neutron

diagnostics. For reasons of technological relevance and this author's

experience, the following specific areas will be discussed:

1. void fraction determination in two-phase flow,

2. neutron conversion enhancement,
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3. reconstruction of media heterrogenities,

4. temperature sensing by neutron transmission.

In keeping with the objectives of this summary, the descriptive

rather than the mathematical/experimental details will be emphasized.

A bibliography at one end, based on our published results, can be con-

sulted for more detailed information.

As a point of generality, we emphasize that, although in the

investigations to be reported here we have used a spectrum of neutrons,

monoenergetic neutrons - if available with sufficient intensity - could

similarly be used and would indeed provide a refined tool for certain

aspects of research and developmental objectives.

Neutron Diagnostics of Two-Phase Flow

Two-phase flow conditions occur in many industrial and techno-

logical processes involving either entrainment of air for fluid mixing

purposes or the generation of voids by thermal energy exchanges. The

chemical process and electricity production industries in particular

encounter such hydro-thermal problems. A specific and urgent subject

involves the study of boiling in nuclear reactors. We illustrate the

complexity of the pheonomena in the attached, Fig. 2.

Although two-phase flow conditions occur very frequently, no

altogether satisfactory methods of void fraction measurement exist;

techniques such as fast-acting valves, probes, and photographic methods

are invariably of restricted utility. When dealing with liquids not

exceeding 3 to 4 mean-free-paths in thickness, we find that neutron

diagnostic methods are very accurate and easy to use.

The analysis of void fractions involves relating the incident

and emerging neutron beam to the instantaneous void fraction. If we

designate the former by Iin(t) and the latter by Iout(t) then we may

write
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out(t) = Iin(t)B[xo,z,ca(t)]exp(-Ew26)exp[-zxo(l - a(t)] (1)

where zw and EZ are suitably energy averaged containment-wall and liquid

total macroscopic cross sections, xo is the channel thickness, B[xo,Z,ca(t)]

is the neutron build-up function and a(t) is the instantaneous void fraction.

We have conducted numerous tests on static and dynamic channels

and developed techniques for the.instantaneous and time-averaged measure-

ment of the void fraction. The neutron beam used was extracted from the

McMaster University "Swimming Pool" 2 MW Nuclear Reactor yielding a neutron

flux of 106 n/cm2-s at the beamport; it consisted of a dominant Maxwellian

and an epithermal component. A standard collimator encased BF3 detector

with a scalar/timer and a fast magnetic tape data acquisition unit was

used.

Some of our experiences can be summarized as follows:

(i) it appears most convenient, and sufficiently

accurate, to measure the build-up function and

cross section by calibration;

(ii) the gating period is important to minimize the

appearance of a dynamic bias in the void fraction;

(iii) Equation (1) is best solved by iteration;

(iv) source fluctuations effects are important but can

be minimized.

The attached figures, Fig. 3 to Fig. 7, provides graphical and

descriptive detail on experimental and analytical results.

Neutron Conversion Enhancement

The application of neutron radiography in industrial nondestructive

testing has in recent years proven to be of considerable significance.

In areas such as the examination of radioactive nuclear fuels, low-density

hydrogeneous material determination and isotopic as well as high-density
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material discrimination, neutron radiography represents essentially the

only effective methods of nondestructive examination.

It is apparent that such photographic uses of neutron beams could

be extended substantially in industry and other applied sciences if

improved techniques for the conversion of neutrons into photo-sensitive

or other image-producing radiation could be established. For example,

the practicality of extensive on-line radiographic study of assembly-

line products and the more broadly based on-site tests of the integrity

of construction components could thus be realized. Critical to this

development is the attainment of a sufficiently high optical density

and image sharpness for a given and generally relatively low neutron

beam intensity.

To elucidate the subject, we refer to the attached figure, Fig.

8, and describe the essential physics characteristics of the neutron

radiographic processes in the following abbreviated forms: a spatially

homogeneous beam of neutron emerges from a suitable neutron source and

penetrates an object to be radiographed. The emerging neutron beam,

which has now become spatially heterogeneous in accordance with the

isotopic composition of the object, is absorbed in a suitable converter

material located in a neutron camera. The converter material is so

chosen to yield suitable secondary radiations which contribute to the

formation of a direct or indirect latent image in a suitable recorder.

The latent image is eventually made visible to the unaided eye in the

form of a spatially varying blackness and cain be related to the material

composition of the object to yield some material information.

For purpose of generality and to indicate the distinct problem

areas, we consider describing the optical density on the radiograph,

D(C), at some point X in functional form as an integral over all neutron

energies by
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D(g) J= T(C,E)C( ,E)I(,E)dE (2)

where T(E,E) is the neutron transmission in the material specimen being

examined, C(i,E) is the neutron conversion process and I(.,E) is the

image formation function; the parameters A, a and 8 are the appropriate

scalar or vector parameters which characterize the radiographic process;

E is the incident-beam neutron energy.

The companion relationship to the optical density is the image

sharpness at some position .o on the film and in a specified direction.

This is a function of the optical density gradient and hence may be

written as

aD(S)
S( = --a . (3)

The detailed functional form of f( ) is governed, to some extent by

convention.

The dominant area of interest for application purposes is

therefore the examination of each of distinct neutron-nucleus and

secondary radiation effects so as to maximize both the optical density,

Eq. (2), and the image sharpness, Eq. (3). Our emphasis to date has

focussed upon providing functional expressions for each of the several

processes and endeavouring to identify research and developmental directions

which would lead to neutron image enhancements.

Some of our results can be summarized in graphical and descriptive

form as shown in Fig. 9 to Fig. 16.

Interior Heterogenity Reconstruction

The topic of interest here involves the reconstruction of gross

interior heterogenities in bulk materials using neutron transmission

techniques. This is analogous to the medical diagnostic problems of
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obtaining information about the state of normal and diseased tissue

and organs from an x-ray radiograph. There exist numerous problems in

industrial research and scientific practice where the unique neutron-

nucleus interaction characteristics could gainfully be used in the

interior reconstruction of the interior of materials, among these we

cite nondestructive testing, methods of examination of archaelogical

specimen, and geophysical analysis of selected in-situ ore and soil

specimen.

In the attached figure, Fig. 17, we display in graphical form the

experimental set-up used in our investigation. Basically, a neutron beam

is passed through a heterogeneous material specimen which is mounted so

as to permit independently linear motion across the neutron beam and

rotational motion on a transverse axis. The transmitted beam, along a

predetermined narrow beam area and direction is recorded by digital

means. The collected data obtained along several traverses for several

orientation of the specimen is thereupon unfolded by computer. In our

work, we have used the ART (Algebraic Reconstruction Technique) formalism

which has recently been developed. Its use is based on an iterative

procedure of the type

Aq+l(ij) = Aq(i,j) + B(i,j) , (4)

where (i,j) is a cell index of the medium, q is the stage of iteration

and k is a beam index; A and B are the reconstructed and corrector

matrices for the material density at cell (i,j).

Our results can best be described in the attached graphical form,

Fig. 17 and Fig. 18.

Temperature Sensing by Neutron Transmission

The determination of the bulk temperature of a medium in some

materials poses extreme problems. For example, high temperature, corrosive-

6



ness, or purity requirements may preclude standard methods; further, the

formation of slag on the surface of a material may similarly prevent the

use of optical methods.

We have found that the Doppler Effect is sufficiently pronounced

for epithermal neutron beam to effect the neutron transmission in some

materials; this is shown in Fig. .19. As is evident, in some temperature

regions and for some materials, the effort is sufficient to provide

considerable sensitivity.

Concluding Comment

As indicated previously, the description above is brief. The

interested reader can find more details on this work carried out at

McMaster University by reference to the Bibliography appended to this

summary.
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Fig. 4: By gating the neutron detector - and -thus simulate short interval
neutron transmission measurements - it is possible to obtain void
distributions. In this case we note the differences between a
low void bubble flow regime. These void distributions may
effectively be used to define flow characteristics.
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Fig. 5: Neutron transmission analysis is sufficiently accurate to measure
changes in void fraction distributions small distances apart during
flow transitions. The pipe has a inside diameter of 2 cm with
ax = 9 cm near an air inlet.~x= 9 cm near an air inlet.
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Fig. 17; Illustration of a heterogeneous test specimen and the neutron beam directions
orientations used to obtain a reconstruction of the interior inhomogenity.
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NEUTRON SMALL ANGLE SCATTERING BY COLLOIDAL SOLUTIONS OF GRAPHITE

N. M. HARRIS

Physical Chemistry Laboratory, Oxford

J. TABONY and J. W. WHITE

Institut Laue-Langevin, 156X Centre de Tri,
38042 Grenoble Cedex

ABSTRACT

Neutron diffraction and small angle scattering have considerable

potential as methods to study adsorption at the solid liquid interface,

particularly in colloidal dispersions and gels. Almost no work has been

done using neutron high angle diffraction, but here we present some model

experiments using neutron small angle scattering and the contrast variation

method to study colloidal solutions of mono-dispersed polystyrene latices,

and of graphite (vulcan III) ultrasonically dispersed in water with and

without peptisation by sodium dodecyl sulphate at 250 C. These effects

illustrate the likely effects of polydispersity in practical applications

of the small angle neutron scattering technique in this area.

The small angle scattering method gives the particle radius of

gyration, mean scattering length density, and hence information about the

conformation of the surfactant molecules in the adsorbed layer. The use

of this information to test theories of colloid stability, as well as in

practical applications, is discussed.

INTRODUCTION

Despite the small scattering cross-section of neutrons by matter

-24 2 -16 2
(typically 10 cm compared to 10 cm for atom and electron scattering

experiments), considerable progress has been made in the last five years

in studying adsrption on the (1as solid interface by neutron mthods)(2)in studying adsorption on the gas solid interface by neutron methods
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Initially, work concentrated on systems showing BET type 1 isotherms

with surface areas between 20m /gram and several hundred square metres/

gram in order to achieve reasonable sensitivity in diffraction from the

adsorbed species, but good signal to noise was obtained even for less than

(3)(4)one monolayer coverage in such cases . Recently, however, it has

been possible to study systems with much lower surface coverage using the

high fluxes and multidetector techniques at the Institut Laue-Langevin in

Grenoble, and work now in progress is concerned with systems showing

BET type 2 and BET type 3 isotherms where there is a hydrophobic inter-

(5)action with the surface

Typically, from these studies it has been possible,by using neutron

diffraction, to determine the two-dimensional (and in the case of multi-

layers, three-dimensional) crystal structures of the adsorbed phases as

a function of temperature, thereby giving a microscopic structure under-

standing of the adsorption isotherms. At the same time, by use of neutron

inelastic scattering, it has been possible to determine, in favourable

cases, the lattice and molecular dynamics of the adsorbed phases, and hence

to make the first steps towards a discussion of their stability and inter-

(2)
convertibility . the object of the present paper is to speculate about

the possibilities for the extension of such studies to the solid liquid

interfaces, and in particular to extend these to a consideration of the

structure and stability of colloidal solutions and gels. The particular

advantage of neutron scattering derives from the contrast that can be

achieved in both diffraction and inelastic scattering because of the large

variation in scattering length between different isotopes. For small

angle scattering, this allows changes in the mean scattering length density

of the dispersent medium so that the scattering from the colloidal particle

and the adsorbate can be separated. For inelastic scattering the difference

in the time scales of motion of the whole colloidal particle and the molecules

adsorbed on it can be recognised since a variety of adsorption times between
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-6 12 slec6sec and avia (6)(7)approximately 10sec and 10 sec is available The theory and

practice of this contrast variation method has been well developed for

determining polymer conformations in solutions and solids 9 , as well as

the internal structure of biological macromolecules ( ) ( and, there-

fore, only a brief summary of the more important results will be given here

for a simple case.

For a certain range of small angles the intensity of scattering from

4rs in6isolated particles as a function of the momentum transfer Q = ,i

where 20 is the scattering angle and A the neutron wavelength can be express

(13)
by the Guinier approximation

r(Q) =I exp (-e I R

where I is the scattered intensity at 6 = 0, and R is the "radius of

gyration" of the particle defined as

a "^ °Rp(R)dR
PI :fR (R) o R

which for a sphere gives

R = J0 6 x actual radius
g

From (1), a plot of InQ against Q gives a straight line of slope

-R 2
3g . For macromolecules in solution, or in our case a colloidal solution,
3

the scattered intensity depends upon the contrast - the coherent scattering

length density difference between the surrounding liquid and the solute

or colloidal particle. As hydrogen and deuterium have neutron scattering

-12 -12lengths of -0.38 x 10 cms and + 0.65 x 10 cms. respectively, a large

range of values of ps, the mean scattering length density of the solvent,

may be obtained by changing the relative H-D content. For example, 8% D202

sed

(1)
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in H20 has ps = 0 and the small angle scattering from suspended particles is

equivalent to their 'in vacuo' scattering.

Stuhrmann 2) has shown that, by using dilute solutions to eliminate

inter-particle effects, the scattered intensity may be written as

1()&= (/rSFV)(2 F(Q) + /n - s F(,Q ))
n~PMto^~~ ~(2)

where V is the particle volume, Pm is the mean scattering length density of

the particle, and

Fs (Q)=- V 4L[A(R)-P] cxp.(i QR) j 

F (Q)= -1 fexp.(i R)dR
F V JVx.iRd (4)

The distribution of scattering le gth density withir the particle relative

to the mean is given by

[/p (R) -Pm)

From (2), the square root of the scattered intensity extrapolated to zero

angle should be linearly related to ps and will be zero when pm and ps

are equal. With intensities measured in absolute units, the gradient gives

V, the particle volume. The value of the radius of gyration at infinite

2
contrast derives from the particle shape and the variation of R with

(pm-ps) reveals inhomogeneities in the internal distribution of scattering

density. For no exchange or penetration of solvent into the scattering
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particle the slope of the plot of R 2 versus pm-s)- shows qualitatively
g

whether the density gradient from the particle centre is positive or negatiS e.

Determination of these quantities may be of considerable interest in the study

(14)
of microporocity

(15)(16)
Using the procedure described by Zimm , the concentration

dependence of the scattering may be incorporated into (1), giving, for low

concentration, and QR <1
g

KC 1 + 2A2C (5)

I(Q,C) M exp(-ts) (

which becomes

KC = +(1+t&) + 2A^C
I(Q,c) M 3 (6)

where K is a constant, proportional to contrast, M is the 'molecular' weight

of the scattering particles, C is the concentration, and A2 is the second

C 2
virial coefficient. Simultaneously plotting - against Q and C at infinite

Q
contrast and extrapolating to zero angle and concentration gives a line of

intercept M and initial gradient A2. Thus the physical characteristics of

particles - radius of gyration, volume and mean scattering length density -

are derived as well as the second virial coefficient, and may be used to

test theories of the colloid stability.

In addition to studying such problems as the physical chemistry of

colloid stabilisation, it seems possible, both by the use of small angle

scattering and inelastic scattering, to look at questions such as the

effect of mixed surfactants , the conformational transitions in

adsorbed polymers ), and even to study such technical questions as the

mechanism of stabilising carbon dispersions in oils etc. by dispersant

additives.(9) In many practical systems, however, the question of poly-
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dispersity immediately arises, and therefore we present in this paper

a comparison of some results from a strictly monodispersed system and their

extension to a polydispersed carbon of likely technical importance.

EXPERIMENTAL

a) Materials

Polystyrene latices containing a single ionogenic surface species

(carboxylic acid groups), and with a very small coefficient of variation

in the particle size (typically less than a few percent), have been prepared

(20)(21)
by Ottewill and his collaborators , and samples of this material

in stabilised dispersed at 0.2% weight per volume, and in aqueous mixtures

containing between 0% - 60% D20 at pH 9.8 were used for the neutron

scattering measurements. The bead diameter was determined before experiment

by electron microscopy and found to be approximately 500A. For these

experiments the samples were contained in silica sample cells and small

angle scattering was measured with 10A neutrons at the 20 metre position

of the D11 small angle scattering ma hine at Grenoble. Acceptable statistics

for high contrast samples were obtained in 2-hour counting times, and

spectra were taken for seven D,0 concentrations and blanks. The density

of the polystyrene was quoted as 1.058 g/cc, giving a contrast matchpoint

in H20/D20 mixtures at 29% D20:71% H20.

The graphite, a sample of Vulcan III batch no. 2A/29 surface area

71 m2/gm, obtained from the National Physical Laboratory, Teddington, U.K.(22)

was ultrasonically dispersed in mixtures of H20 and D20. Dispersions

with concentrations of 0.2% to 10% by weight carbon were sonicated for

90 sec. each using an ultrasonic finger in direct contact with the solu-

tion. This time was rather less than the five minutes specified by

(23)Medalia and Heckman for complete dispersion of the graphon aggregates .

To one group of samples was added 35 mg of sodium dodecyl sulphate per

100 mg of carbon, equivalent to 5 monolayers if the surfactant molecules
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occupy an area of 50A2 (22) This S.D.S. concentration ratio was kept

constant. The peptised samples were noticeably more stable than the dis-

persions in water, remaining apparently dispersed for several months. Some

of the unpeptised samples, particularly at high carbon concentration, were

observed to have largely flocculated even during experimental runs (i.e.

up to 3 hours after dispersion). Electron micrographs of the diluted

peptised suspension were taken and showed that, even in the apparently

dispersed solution, clusters of graphon particles existed. Since further

(24)
sonication is known to cause oxidation this was not attempted.

The neutron small angle camera, Dll, was used working at a sample

detector distance of 20m and wavelength 16A. Samples I mm thick were

contained in silica cells of total wall thickness 2 mm and maintained at

250C. Scattering patterns from individual samples were obtained in half-

hour counting periods during the 20 hours instrument time available, and

2
the results from the 64 x 64 om area detector were converted to radial

distribution functions by integrating the counts in I cm annuli at a

given radius from the beam centre. At the 20 m position with 20 m collima-

tion, the gravity deflection of transmitted and scattered 16A neutrons was

7 cm, and beam centre on the detector was chosen accordingly. Since the

effect of wavelength spread on beam 'droop' may cause distortion of the

results at low angles, vertical and horizontal sections through the pattern

were compared with the radial distribution obtained to check for systematic

errors. This is shown in Figure 1 and it can be seen that the horizontal

section, only slightly affected by 'droop', is identical to the radial

distribution for deflections of >5cm from beam centre. The experiments

were all done with the main beam stop in place and the counting rate over

the whole counter never exceeded 550 counts sec so errors due to

electronic loss of counts were negligible.
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RESULTS

(a) Polystyrene Latices

The results are summarised graphically in Figures 2 and 3. Figure 2

is the Guinier plots (ZnI vs. Q ) of the different D20 concentration sols

(D20/H20 and silica cell background subtracted). Intensities are in

arbitrary normalised units, uncorrected for self absorption. As can be

seen, essentially linear plots are obtained. This confirms sufficient

uniformity of particle size. The unsystematic variation at low angle is

explained by mismatch in the background subtraction - the silica/f20O/D20

background scattering being very strong at low angles and weak over the

rest of the spectrum. As predicted, intensities are reduced for D20

concentrations approaching 29% D20 and a spectrum taken at 30% D20 showed

no measurable intensity above'background (not shown in Figure 2). Values

of radius of gyration obtained from the slope of these plots are tabulated

in Table 1 along with the equivalent values of scattered intensity extrapolated

to zero angle (I ). These latter, now corrected for self absorption, are
o

displayed in Figure 3 as a j vs. scattering length density of solvent

(= % D20) plot. The linearity of these points shows that the homogeneity of

the particles is good to within experimental accuracy. The plot also gives

10 -2
a mean scattering length density for the particles as 1.37 ± 0.1 x 10 cm

giving their density as 1.03 ± 0.07 g/cc (cf, 1.057 g/cc quoted). The high

estimated errors are based mainly on possible uncertainty in the measurement

of the small volumes involved in preparing the samples.

(b) Dispersed Carbon

2
Figure 4 shows the AnI vs Q plots for 2% wt. Vulcan III dispersed in

various H2O/D20 mixtures. The plots are markedly curved at low angles but

a straight line may be drawn through the high angle region giving values

for the apparent radius of gyration, R , and by extrapolation, the scattered

intensity at zero angle I . These are tabulated in Table II. The
O
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TABLE 1

% D20 Rg(X) tnI Jo corr.
2 g '0 0

60 172 6.63 36.6

52.5 165 5.74 24.0

42 173 4.73 15.3

30 - - (0.6)

26.4 - (1.3) (3.0)

21 170 3.25 8.22

0 174 5.81 32.43

TABLE II

Contrast Variation Parameters for Vulcan III

carbon dispersed in H20/D20 mixtures

%D 0 I LnI 'R ±30A
2 o o o g

0 396 5.98 19.9 402

30 164 5.10 12.8 391

50 101 4.61 10.0 402

80 21.8 3.08 4.7 402

100 1.8 0.59 1.3 -

Intensities corrected for self absorption and normalised

to 2.5 x 10 monitor counts
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TABLE III

Contrast Variation Parameters for Vulcan III

carbon dispersed in HO/D,0 mixtures with sodium dodecyl sulphate

I °d . . . . .

%DI0 ILnI MVR ±30A%2 0 0 o o g

30 221 5.40 14.9 406

50 105 4.65 10.2 394

80 4.0 1.39 2.0 417

100 2.7 0.99 1.6 407

Intensities corrected for self absorption and normalised

to 2.5 x 10 monitor counts

intensities have been suitably corrected for self absorption. Figure 5

is a plot of (I ) /2 against ps. As predicted, a linear relationship is

observed indicating contrast matching at about 100% D20. From this is

10 -2
calculated a mean scattering length density of 6.5 ± 0.7 x 10 cm The

volume of the scattering particles could not be determined since an absolute

calibration of the instrument could not be done. The incoherent scattering

from a 1 mm thick H20 calibration sample was too low for accuracy

(<2 cts/channel/hr) and sufficient time was not available. This is a general

problem for very long camera lengths such as the 20 m position and its

resolution awaits the characterisation of a suitable standard low angle

scattering sample.

For the peptised dispersions, the scattering curves of lnI vs Q

are represented in Figure 6 for 2% wt. Vulcan in 10, 30, 50, 80 and 100%

D20 dispersions. The 80 and 100% D20 curves were almost superimposed

se, it is assumed, to the 100% D20 giving negative contrast. Appropriate

H20/D20/SDS blanks have been subtracted to obtain these curves, and the

contrast variation results are summarised in Table III.
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In Figure 7 the contrast match point is found for peptised samples

from a plot of 41 vs. pm. The 100% D20 dispersion is taken, as before,

to give negative contrast and the straight line obtained indicates the

validity of this assumption. The mean scattering length density of the

10 -2
particles and the soap layer is found to be 5.7±0.5 x 10 cm 

The spectra from dispersions of different concentrations, containing

0.3, 0.7, 2.0, 5.0, 10% wt of carbon, are displayed as Zimm plots in

Figure 8. These solutions were stable enough to allow reproducible measure-

ments but some sedimentation did occur for the 10% "solution" and the

results are only of qualitative significance. The lowest concentration

plot had a markedly smaller slope than those above c.0.5% wt/vol. Possible

interpretations of this will be discussed below.

DISCUSSION

(a) Polystyrene Latices

The results from the polystyrene latices have a classical behaviour

coming from straight Guinier plots with an essentially constant radius of

gyration for the different values of the contrast. The value of the particle

radius derived from this agrees well with the electron microscope value, and

the mean scattering length density ii- prepared for the assumed structure of

the polystyrene bead. In definitive experiments with long exposure times,

the accuracy of these quantities could be greatly improved, and we estimate

that, by reference to the work on adsorbed surfactants of dispersed

carbon, to be discussed below, the conformation and density of adsorbed

surfactants and polystyrene latices, and similar monodispersed systems,

could be determined with high accuracy by small angle neutron scattering.

By analogy with biological macromolecular systems, it is obvious

that, for monodispersed colloids where penetration of the colloidal

particle by a solvent or adsorbate occurs, there would be adequate signal

to noise for following the kinetics of such processes and for determining

the internal structural organisation of adsorbed molecules.
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(b) Dispersed Carbon

By comparison with the monodispersed colloid, the most obvious feature

in the scattering curves for this system is the strong curvature at low

momentum transfers arising from the polydispersity. This is a severe

limitation of the applicability of neutron scattering when measurements

are only made over two or three decades of momentum transfer. The approxima-

tion that has been used to analyse the results (namely fitting of straight

line to one portion of the scattering curve) is only roughly true and the

most satisfactory procedure is to simulate the scattering curve from assumed

particle size distribution. This is a relatively simpler operation for

colloidal dispersions than for dry powder samples, for example, because, tO

a large extent, interparticle scattering can be limited and because the

contrast variation method allows additional information to be brought to

bear in case of, for example, the presence of non-penetrable voids in the

scattering material.

The analysis that has been carried above is self-consistent and can

serve some practical ends as illustrated by the results obtained for the

peptised and unpeptised solutions. Evidence that internal particle effects

are relatively small at the dilutions studied (0.3 - 10% wt.%) is that the

spectra obtained at different concentrations can be superimposed for the

peptised solutions within experimental accuracy. In contrast variation,

the form of the scattering curve also remains unchanged even in 'negative

contrast' (Figure 6, 100% D20) except at the contrast match point when no

significant low angle pattern is observed (Figure 4, 100% D20) . This

further indicates that the observed diffraction is due to the carbon alone

and that there is no scattering from voids or inhomogeneities. Solid

particles are therefore suggested. The form of the curves is also consistent

with a distribution of carbon particle sizes containing some larger (1000+)

particles or agglomerates of particles. A quantitative determination of

this distribution starting from assumptions about the form of the distribu-
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tion and the shape of the particles was not possible since the range of values

available was restricted. From the more linear higher angle region of the

scattering curves an apparent radius of gyration for the particles of

400 ± 30K was found (df. Table II) (corresponding to spheres of radius

510 ± 40A). This value can be considered as characteristic of the particles

over the Q range studied,though,as stated, data from higher Q values would

be required to enable a mean particle size to be obtained.

The value of the radius of gyration from the high Q region of the

spectrum is in approximate agreement with the values determined by electron

microscope examination where it can be seen that the substance consists of

carbon balls of approximately 300K radius, generally joined together in

(23)
clusters of about 20(23

The curved radius at low angles can be analysed by assuming a super-

position of particles giving rise to the approximately linear Guinier plot

at high Q onto a particle set with a larger radius of gyration. An estimate

for this larger radius was obtained by subtracting the extrapolated high Q

line from the data at smaller values of Q. This. gave again a fairly good

straight line with about 10 points upc it and a radius .,f gyration of about

1000A. In this way, we caln parameterise in an approximate way, the size

distribution in the colloidal material.

The plots of lO vs scattering length density, for both regions of
the scattering curve, are plotted in Figures 5 and 7. The convergence of

the lines helps determine the contrast match point which is the same for

both. Since scattered intensities approach zero at the contrast match

point, statistical errors increase. Due to the counting rates at the 20m

detector position with 161 neutrons, statistically significant total counts

were only obtained at high contrasts. It is a disadvantage of the

carbon/H20/D20 system that the contrast match point lies at about 100% D20.

Ideally, good positive and negative contrast data would allow accurate match

points to be determined (i.e. match point around 50% D20).
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The values obtained for the match points give mean scattering length

densities of 6.5 + 0.7 x 10 cm- 2 (Figure 5) and 5.7 ± 0.5 x 10 cm2 (Fig.7)

for the carbon particles with and without SDS respectively. The difference

in these figures can be attributed to the effect of an absorbed surfactant

layer surrounding the particles since the scattering length density of the

H20/D20 mixture is not significantly altered by the small concentration of

SDS present. By assuming complete'exclusion of the H20/D20 by surfactant at

the carbon surface, we can determine an apparent thickness of the adsorbed

layer to be about 40A. This has a large uncertainty due to the polydispersity

of the colloid, poor counting statistics, and low contrast of the peptising

agent. Use of a deuterated peptising agent would make a great improvement.

The exact distribution of particle sizes would be required to be known and

a monodispersed sample would thus greatly simplify such a study. A value

of the density of the particles can be calculated from the contrast point as

1.9 ± 0.2 g/cc (cf. 1.9 - 2.6 g/cc for graphite and 2.2 g/cc calculated from

(25)
crystallographic data on microcrystalline graphite 5)). This low value

could indicate some pores or amorphous zones.

The Zimm plot obtained for the peptised samples (Figure 8) gives

reasonably consistent positive gradients apart from the lowest concentration

(0.35%C). The positive gradient shows that strong repulsive forces exist

to stabilise the colloid and that these forces may be smaller at lower

carbon concentrations. It is to be noted that soap concentration is a

fixed ratio of carbon concentration in these experiments and that the

observed abrupt change in gradient on passing from 0.7% to 0.35% of graphite

also coincides with passing from above to below the critical micelle

concentration for SDS in H20. Since the soap scattering was always

subtracted from the raw scattering curves, the results indicate that the

-qrbon may be differently peptised in the two situations.
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CONCLUSIONS

For monodispersed colloids it is concluded that measurements of the

radius of gyration, the particle mean scattering length density, and the

intensities at zero scattering angle, by neutron small angle scattering,

is an effective method of studying adsorption at the liquid solid interface.

The method has adequate sensitivity to study the packing of the adsorbate

over a large part of the adsorption isotherm and, when used in conjunction

with contrast variation, could be used to determine the conformation of complex

or polymeric adsorbates. For monodispersed systems at high concentration,

where long range particle ordering has been observed, it is even conceivable

that three dimensional information on the colloidal particle and surfactant

packing could be obtained in the same way as has recently been found for

(26)
virus crystals( ) .

For polydispersed systems the same type of information can be obtained

provided measurements are made over a large range of momentum transfer and

a model for the particle size distribution can be fitted. At the technical

level of application, some results can be obtained by assuming a crude

distribution, as has been done in the present work, and characteristics of the

colloidal dispersion and of the adso; 'ate suggest the nm.an scattering length

density,and hence the true particle density. The degree of packing of surf-

actants and qualitative changes in the nature of the peptisation as

a function of concentration of the peptising agent are reasonable goals

in the short term.
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CAPTIONS TO FIGURES

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Comparison of the normalised radial distribution

function (full line) with a horizontal section of the

scattering pattern through the 23rd row of detector

elements and with two vertical sections through the

32nd and 38th columns.

Guinier Plots for 0.2% wt/vol polystyrene sol for

various H20; D20 mixtures.

Variation of the square root of extrapolated intensity

at zero scattering angle with scattering length density

for polystyrene latex sols.

Guinier plots for 2% carbon sol in various mixtures of

H20 and D20.

Determination of the contrast matching point for

unpeptised Vulcan III sol in H20/D20. The very low

angle pattern points come from subtracting the high

angle Guinier line at low Q to give an approximately

linear second region.

Guinier plots for 2% carbon sol peptised with sodium

dodecyl sulphate in various concentrations of H20 and

D20O

Determination of the contrast matching point for

peptised Vulcan III sol in H20/D20. The very low angle

points were derived as in Figure 5.

Zimm plots for peptised Vulcan III dispersion concentra-

tions between 0.35% and 10% by weight in 7.5% D20/

92.5% H20.

Dependence of the squared radius of gyration, R on
g

the contrast for (a) unpeptised and (b) peptised

Vulcan III sols.
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Figure 6

Figure 7

Figure 8

Figure 9
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FIGURE 4

2% VULCAN III IN H 2 0/D20 (POSITiVE CONTRAST)
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FIGURE 5
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FIGURE 6

2 % VULCAN III IN H /20/D2 WITH S.D.S
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FIGURE 7

2 % VULCAN I IN H 2 0/ D 20 1WTH S.D.S-------- _--^_,D20 ------
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FIGURE 8
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FIGURE 9 (a)

2 % VULCAN III IN i2Q0/ D20
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FIGURE-9 (b)

2 % VULCAN II IN H 20/D 20 WIlTH S.D.S.
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APPLICATIONS OF NEUTRON SCATTERING IN MATERIALS SCIENCE

G. KOSTORZ
Institut Laue-Langevin, 156X Centre de Tri,
38042 Grenoble Cedex, France.

ABSTRACT

It can be expected that the application of neutron scattering in.
materials science will become more widespread with increasing interaction
between neutron scatterers and materials scientists. Several potential
growth areas are identified, e.g., structural analysis of polycrystalline
and multi-phase systems as well as amorphous substances; small-angle
scattering analysis of extended defects such as vacancy clusters, pre-
cipitate zones, etc., including the kinetics of their formation, in
crystalline and vitreous substances; and dynamic effects near phase
transformations. Small-angle scattering methods are illustrated by two
examples, the formation of voids in 8'-NiAl and the decomposition of
AL-Zn alloys.

INTRODUCTION

So far, neutron scattering has yet to prove its usefulness and its
wide range of possibilities for major areas of materials science although
some efforts, especially on polymers and on topics related to energy
storage and superconductivity have been initiated a few years ago at seve-
ral neutron beam research centers. As, with the existence of the Institut
Laue-Langevin (ILL), intense neutron beams and various neutron scattering
instruments have become available to the scientific community, the number
of problems that can be studied successfully has increased considerably,
and the substantial interest of materials scientists in the possibilities
of neutron scattering has become an irreversible fact [iJ . At present,
the ILL faces requests for beam time exceeding the available time by factors
of two to three on average, and an increasing demand in areas that have only
recently begun to include neutron scattering as a research tool - as is the
case in materials science.

It is not always the high neutron flux that makes the ILL attractive
(although a high flux always represents an additional convenience) but
rather frequently, the instrumentation of the ILL is either unique or
thought to be unique, and the mode of access is known and not too difficult.
It is very desirable that other neutron scattering facilities become avail-
able to interested scientists (similar to the spectrometers at Harwell,
Great Britain). A first step for Western Europe has been made by compiling
information on'existing facilities [2] in Austria, Belgium, Denmark, France,
Germany, Great Britain, the Netherlands, Norway, Sweden, and Switzerland.
But beyond the possible use of existing devices, present and future re-
search centers will have to provide a progressive improvement and develop-
ment of scattering instruments and related facilities.

Neutron scattering will become a more commonly used method in applied
research if there is more frequent interaction between the 'heutron
scatterer" and the scientific community involved in applied research. It
seems reasonable to expect the highest degree of success where both sides
are interested and contribute their special knowledge and competence to a
project. In particular, materials science oriented research very often
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must resort to many different methods on samples frequently treated in
rather intricate ways. Facilities for this type of work are not commonly
available at neutron scattering centers. The resident neutron scientists,
on the other hand, will usually have a high level of expertise in obtain-
ing good scattering data, but the evaluation and interpretation will
require co-operation of all parties involved. Different mechanisms are
conceivable to obtain this desirable interaction, and these are presently
being discussed in connection with present and future neutron scattering
centers where a "user programme" is offered as a "service" to other
laboratories.

There are many problems in materials science where neutron scattering
can yield valuable additional or even unique information, and in the
following, a few of these aieas will be identified, mainly based on the
author's own experience or observations at ILL, and with some emphasis on
research topics which do not necessarily depend on the availability of a
very high neutron flux.

STRUCTURE

Currently, neutron crystallography is predominantly concerned with
solving the structure (and spin distribution) of new substances in the
form of powders or single crystals. For the materials scientist, crystal-
line substances are often more puzzling in polycrystalline form or as a
mixture of different phases (obtained by phase separation or compaction).
Neutrons offer, for the great majority of interesting materials, a funda-
mental advantage over X-rays as samples can be studied in bulk form, and
there are no complications related to form factor corrections.

The analysis of textures of polycrystalline materials (after solid-
ification, plastic deformation, recrystallisation, etc.) should greatly
benefit from these facts, and the ease with which samples can be exposed
to different temperatures, magnetic fields, pressures, stresses, etc.,
makes it possible to study the influence of such parameters in situ.

The efforts made in this field have recently been reviewed by Szpunar [31.

In multi-phase materials, some problems of interest are : orientation
relationships in systems exhibiting displacive transformations (habitus
planes) or phase separation by diffusion controlled mechanisms, structure
and composition of precipitates (where isotopic replacement may also be
helpful), influence of other parameters (pressure, stress, temperature,
etc.) on structure and orientation of precipitates, residual strains in
composite materials. As a recent example in this field we quote the work
of Cowlam et al. [4] who measured the interlayer spacings co of graphite
nodules in a high-carbon steel (containing Si) in two different stages of
graphitisation (with and without stress relief in the matrix). From the
difference in co, corresponding to a compression of about 0.4 % along this
axis for graphite formed without stress relief in the surrounding matrix,
it was possible to estinate the pressure inside the nodules.

Precision measurements of lattice constants using single crystals,
and the detailed analysis of the shape of Bragg peaks (Huang scattering,
side bands, etc) are of special interest in the study of point defects and
phase transformations. Lattice parameter changes can be measured with con-
siderable accuracy (l 10-6) using neutrons [5] , and rapid progress is
being made in providing special equipment for very high temperatures [6]
and high pressure [7] . Neutron diffraction topography can supplement crys-
tallographic work and provide information on subgrain boundaries, magnetic
domains, and isolated defects (see Schlenker and Baruchel [8] and refer-
ences therein).
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Vitreous systems, metallic and non-metallic, are the subject of very
active research today [9, 10] . Neutron diffraction will be particularly
helpful in the analysis of amorphous ferromagnets, as large amounts can now
be produced, but also in distinguishing between different structural models
quite generally [11] . Although polarized neutrons will be more advanta-
geous [123 for magnetic work (but high neutron flux would then be required),
magnetic contributions to unpolarized neutron diffraction can also yield
useful inforration on the spin distribution in comparison with the distri-
bution of nuclei. Thus, in the relatively simple amorphous ferromagnets
Co-P (prepared by electrodeposition with Co concentrations around the
eutectic composition of 19 at.%), it was found 113] that Co nuclei and
magnetic moments have the same distribution and that any magnetic fluc-
tuations must be weak.

INHOMOGENEITIES

Under this term, we summarize here structural features in crystals,
vitreous and liquid substances that exceed atomic dimensions in at least
one direction. Point defects, very small clusters and short-range order
have been discussed previously [l,14,15] , and we want to concentrate on
larger inhomogeneities in the range of 10 to about 1000 A which are most
important in controlling many properties of materials, e.g., mechanical
strength of alloys, critical currents in hard superconductors, coercive
forces in magnetic materials, optical properties of glasses, etc. Neutrons
will reveal fluctuations in scattering length density on a scale of 10
to 1000 A in real space by diffraction with correspondingly small momentum
transfer, i.e., small-angle scattering. It can be anticipated that small-
angle neutron scattering will become one of the most outstanding research
tools for materials scientists, as it is and will be instrumental in
studying polymer conformation, decomposition of alloys and glasses,
clustering of point defects and spins, dislocation arrangements, pores
and microcracks, critical fluctuations, even interfaces and surfaces. The
importance of this method is also documented in several other contribu-
tions to this conference, and the paper by Galotto et al. [16] describes
technological studies on high temperature alloys using a small-angle
scattering instrument at a rather small reactor.

In order to illustrate the type of information that can be obtained
from small-angle neutron scattering, two research programmes currently
performed at ILL in collaboration with laboratories in the three partner
countries will be presented.

The first example stands for problems that can be easily studied at
room temperature, i.e., the thermal treatment that is important in such a
case can be carried out separately, before the small-angle scattering is
measured. The stoichiometric O' compound NiAt can retain a high concen-
tration of vacancies when quenched from about 1600°C to room temperature[l7].
No major change of vacancy concentration or arrangement can be observed at
room temperature but if such samples are heated to above X 300°C, vacancies

will cluster and finally form rather large, facetted voids which can be
easily observed in the electron microscope. Small-angle neutron scattering
is used to get reliable information on the early stages of vacancy
clustering at different temperatures and precise values on the number and
average size of voids, also at later stages where the shape is known from
electron microscopy. Results obtained on the instrument D11 at ILL for some
of the single-crystalline samples are plotted in Fig. 1 as a function of
the scattering vector Q = 47 sin 0/A where e is half the scattering angle
and A the wavelength of the incident neutrons. Macroscopic cross-sections
were calculated using vanadium as a reference scatterer (there may be some
deviations at the smaller angles as there was some small angle scattering
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for vanadium, too), and all plotted points correspond to radial averages
taken at 1 cm intervals on the two-dimensional position-sensitive detec-
tor of DII as long as there was no measurable anisotropy of the scattering
pattern. From Guinier plots of the data shown in Fig. 1, one further
obtains the radii of gyration RG indicated in the figure. It can be seen
that the as-quenched sample shows already a measurable small-angle scatter-
ing which does not, however, reveal any facetting, and gives no well-defined
void size. SuLsequent aging leads to a considerable increase in small-angle
cross-sections and void sizes. Facetting leads to anisotropic scattering at
somewhat larger angles,as shown in Fig. 2 for the sample aged at 400°C. In
this case, anisotropy is observed for Q % 0.04 -1 . The pattern reflects
the projection of (110) facets in a {110} plane with possible trunca-
tion of the voids in <111> directions. This research [18] will continue
and results combined with transmission electron microscopy will make it
possible to better understand the physical properties of the material.
Similar phenomena as reported here on thermal vacancies also occur after
irradiation of materials. Facetted voids in neutron-irradiated aluminum
single crystals have been studied with small-angle neutron scattering by
Hendricks et al. [19] using the Jilich instrument, and an investigation of
radiation damage in GaAs single crystals has recently been terminated [20],
revealing the shape of the oriented displacement spikes after fast neutron
irradiation.

Obviously, it is very convenient if measurements can be performed at
room temperature as there will be no special sample containment, at least
for solid samples. As almost all substances exhibit more or less intense
small-angle scattering, data reduction is greatly simplified if there are
no window effects. There are, however, cases, most prominently in the
study of alloy decomposition, where either a rapid quench to temperatures
well below room temperature for subsequent measurements in a cryostat,or
in situ measurements at the temperature of interest are indicated. The
former method will be limited by available quench rates and undesirable by-
products whereas the latter will work well for kinetic studies in a tem-
perature range where the process to be studied is slow enough so that
significant scattering data can be accumulated in time intervals smaller
than the time constant of the process. Both methods have been used in an
attempt to contribute towards an understanding of the kinetics of zone
formation in AR rich AR-Zn alloys. This binary system has been the
subject of several recent papers where different methods have been
applied to determine the position of the coherent spinodal. Fig. 3 shows
part of the Ai-Zn phase diagram with the stable and the metastable
(Guinier-Preston zone) solvus. The theoretically expected position of
the spinodal and the points suggested by Junqua et al. [21] do not agree
very well at lower concentrations. Our neutron scattering results for
aging of an A--12 at.% Zn alloy at room temperature (scattering measured
at 4.2 K) [22] and at 175°C (in situ aging) [1] reveal interparticle

interference effects at both aging temperatures, as the small-angle
scattering intensity exhibits a maximum at angles different from zero in
both cases. At room temperature, for a sample quenched from 380°C, this
peak position can be seen to move from Qm = 0.12 X-1 to Qm 0.04 AXI
during the first 100 min of aging with a simultaneous increase of the
radius of gyration from about 4 A (measured after only a few minutes of
aging)' to 35 A [22] . At 175°C (corresponding tg the cross in Fig. 3), a
slowly cooled alloy shows a peak at Qm = 0.02 A -1 that is only slightly
shifted to smaller angles for aging times exceeding about 20 min. At
higher aging temperatures, the kinetics of decomposition is considerably
slower, and the Poitiers group [ 21, 23] infer that the fast kinetics and
the appearance of a small-angle scattering peak correspond to spinodal
decomposition whereas phase separation by nucleation and growth occurs at

60



higher temperatures. Some of the arguments are based on results in the more
thoroughly investigated alloy At-6.8 at.% Zn [23] , and we have recent-
ly [241 carried out small-angle neutron scattering experiments on this
alloy aged in situ at T > 133 0C, a temperature that is definitely above
the maximum spinodal temperature (132°C) proposed by Junqua et al. [21]
Fig. 4 shows the scattered intensity as a function of Q2 for different
aging times. Radii of gyration RG can be extracted from these plots, and
the values are also given in the figure. There is some precipitation after
13 hours but the most important change occurs between 15 and 30 hours. At
the position marked by an arrow, deviations from the expected single-
particle scattering function (which yields a straight line down to Q = 0)
are found and must be taken as evidence for interparticle interference [24].
At least one of the criteria offered for a distinction of different modes
of decomposition must therefore be modified.

These examples will have given some indication of the possibilities
of small-angle neutron scattering. There are many crystalline systems where
the details of phase separation are not well understood. Favorable scatter-
ing contrasts often exist even for much lower incident neutron intensities,
and of course, magnetic domains e.g., in amorphous magnets, and phase sep-
aration in vitreous systems [10] can also be examined. Concerning the latter
topic, Si0 2-AZ203 f251 and silicates containing titania [26] are currently
being studied. In both cases, it has been possible to prepare and investi-
gate sets of samples corresponding to different stages of decomposition.

PHASE TRANSFORMATIONS

Apart from the more "macroscopic" aspects of the products of phase
transformations as discussed above, there is considerable interest in the
fundamental microscopic mechanisms and the physical origin of phase
transformations, and neutron scattering can be considered a very important
technique in this field.

As the concept of the soft mode is becoming more familiar to materials
scientists [27] , the role of phonons in the more difficult first-order
structural transformations will be analyzed more closely. The neutron
scattering experiments of Axe et al.[ 28] relating to the X transformation
in Zr-Nb and of Mori et al. [29) on AuCuZn2 (which undergoes a martensitic
phase change from a b.c.c. to a f.c.c. based structure' show striking
phenomena that are difficult to interpret in detail, but will stimulate
progress in the microscopic explanation of displacive transformations[30,31].
It has also been suggested that the soft-mode concept could prove useful in
the study of spinodal decomposition [27, 32].

Critical scattering of neutrons, associated with magnetic and
structural transformations has been observed, e.g., in Au-Fe alloys near
the onset of-ferromagnetism [33] , in AZ-Zn [34] and Nb-H [35] when
approaching the temperature of the coherent spinodal at the critical
composition.- Some of these experiments require rather low momentum trans-
fers, i.e., long neutron flight paths or very slow neutrons. There
remains, however, a wide variety of critical phenomena that can be in-
vestigated with current instrumentation. The influence of parameters
other than temperature on critical scattering in Ni is being studied by
Stierstadt and co-workers [36, 37] . Whereas the effects of uniaxial
stress on the critical fluctuations are very difficult to reveal even
with the D11 instrument at ILL [36], the influence of dislocation net-
works [37] should be more easily detectable.
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CONCLUSIONS

This paper is not to be considered a complete review of applications
of neutron scattering in materials science. It is hoped, however, that
the potential of elastic and inelastic thermal neutron scattering in this
scientific domain has been indicated. The study of problems similar to
those described above represents a good example of interdisciplinary co-
operation where the sometimes very complex "microstructure" skillfully
prepared by the materials scientist and characterized with his more
classical research tools presents a challenge to even the most experienced
neutron scatterer who has in the past proven the value of his methods in
studying more ideal substances such as good single crystals and simple
liquids.
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ON TEXTURE STUDIES BY NEUTRON SCArTERING

N. Kroo, I. Vizi

Central Research Institute for Physics

Budapest

In recent years scientific communities have paid ever

more attention to problems of applied eharacter. This holds

also for people working in the' field of neutron scattering.

A problem of general interest which can be studied by

neutron scattering methods is the texture formation in metals

and alloys. Neutron scattering is preferable to X-ray techni-

ques when information on the bulk is needed, when large grains

are present in the material or when magnetic properties are

studied. The function which is needed for describing the stu-

died problem is the spatial distribution of scattered neutron

intensity for monochromatic ingoing neutrons fulfilling Bragg's

law for a particular scattering plane of the crystal in ques-

tion. The function can be measured by fixing the detector at

an angle satisfying the law

2d sine = nto
where d is the distance between the selected planes, 9 is

the scattering angle, 30 is the ingoing neutron wave-length

and n = 1, 2, 3,...., while the sample is being rotated into

all possible directions.

The mathematics used in this method are well known.

Therefore we do not want to go into details, such as correc-

tions for apparative functions and for crystal properties.

Moreover, -it is easy to prove that in the case of spherical

samples these corrections are of minor importance.

A special problem, formation and properties of the tex-

ture in ball bearings made of steel was chosen to illustrate

the possibilities of neutron scattering methods. Since defi-

nite conclusions can be drawn directly from scattering data,

for illustration the distributions of scattered neutron inten-

sity obtained for samples rotating around fixed axes are pre-

sented. These measurements are part of a systematic study which

is still in progress.
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The original aim of our work was to clear the problem of

ageing of ball bearings. For this reason new, used and artifi-
cially fatiqued balls were investigated by neutron diffraction

using the /110/ reflection of oc-Fe. Fig.l shows the intensity

of this reflection. The slightly higher and narrower intensity

distribution is significant for new balls in all our data as

compared with the data on used balls. This is an indication of

the change in mosaic structure during ageing.

In order to study the expected changes in the texture of

the balls, rocking curves were measured, A strong anisotropy

was found in the scattered intensity also in the case of new

balls. The anisotropy showed a 60° periodicity, as to be seen

in Fig.2a. By changing the axis of ro.tation, the intensity

distribution could be symmetrized /Fig.2b/ i.e. the axis of

symmetry could be found. If the ball was rotated ardound'dthis

axis, the periodicity changed to 90°, as shown in Fig.3, but

with a smaller modulation depth. In contrast with expectations,

ageing did not lead to marked changes in the scattering pattern

/see Fig.4/. In some cases the 90° periodicity curve changed

to a greater extent, however, even this change was not always

observed. Artificial fatiguing was carried out in the geometry

shown in Fig.5. The studied balls were turned during this tre-

atment to a definite orientation with the 60° symmetry axis

in the z-direction. The equivalent rocking curve for a per-

pendicular axis where 90° periodicity can be observed.

The experimental results suggest that the observed tex-

ture can be connected with the technology of ball production.

For the manufacturing of balls first a wire is pulled from

steel, then this wire is chopped into pieces and pressed in

the direction of the wire axis to form balls.

In order to clear the formation of texture in the pro-

duction process, chopped wires made of D8 steel were also stu-

died by neutron diffraction. As to be seen in Fig.7, 60° peri-

odicity of the rocking curve could be observed if the axis of

the wire was rotated in the scattering plane. The 90° periodi-

city texture could not be seen in this case, as apparent from

the same figure. This texture is formed later during the pres-

sing of the balls.
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The non-isotropic distribution of crystallites in the

studied samples results in a non-isotropic abrasion and, as

shown in Fig.6, in a preferential orientation of the balls.

This fact could be observed also from the previous experiments.

The geometry shown in Fig.5 u'ed for fatiguiig led to an annu-

lar wear on the surface of the balls. The symmetry axis /600/

was observed to be perpendicular to the plane of this wear.

This implies that the texture of balls in ball bearings may

lead to non-isotropic wear and therefore to a shorter lifetime.

Summarizing, the results show that neutron scattering

seems to be a potential tool for the study of practical prob-

lems similar to that discussed in the present report.

FIGURE CAPTIONS

Fig.l Intensity of the /110/ reflection of new, used and fa-

tigued balls.

Fig.2 60° periodicity of neutron intensity when rocking the

sample:

a.

b. :the symmetry axis perpendicular to the scatte-

ring plane.

Fig.3 90° periodicity of scattered intensity /new balls/.

Fig.4 60° periodicity /a/ and 90° periodicity /b/ after age-

ing.

Fig.5 Lay-out of fatiguing.

Fig.6 The fatigued balls turned into definite orientation

with the 60 ° periodicity axis in the z-direction /a/.

The intensity for rotation the sample around a perpen-

dicular axis is also given /b/.

Fig.7 Rocking curve for cilinders of o( -Fe before pressing

balls from them.
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SUMMARY OF MITRE REPORT:

"APPLICATIONS ') HIGH PLUX NEUTRON SOURCES

IN TECHNOLOGY AND) BIOLOGY"

G. H. Lander

Centre d'Etudles Nucleaires de Grenoble

France

Argonne National Laboratory is planning to construct an intense pulsed neutron

source to be used as a new research tool in basic and applied research in the

fields of materials science, chemistry and biology. As part of an effort to

explore the base upon which neutron research stands, in early 1976 Argonne

commissioned the MITRE corporation to conduct a survey of the possible uses of

neutron sources in technology and biology. The report was completed in

November.1976 and a copy may beobtained by writing to Dr. J.M. Carpenter,

Solid State Science Division, Argonne Nat. Laboratory, Argonne, Illinois 60439, USA.

As a first step a number of documents containing information on advantages and

uses of neutrons was assembled and sent to a variety of research laboratories

funded by U.S. industrial firms and government. At the same time a review was

made of European attempts to diversify neutron research. In particular, at

Harwell a ve-year effort has been made to encourage industrial circles to use

the government's research reactors. Although slow at first, the effort is be-

ginning to reap benefits, with about 40% of the effort at the reactors now

having a direct link to industry or technological departments of universities.

A number ofresponses were received from US industrial firms and gov. depart-

ments not presently engaged in neutron research, and these were followed up

with more information and a workshop held in Sept. 1976.

The main body of the report contains tables and responses by companies and

agencies identifying problem areas in which neutrons might have application.

The responses, in general, fall into one of three categories; Materials Science,

Chemistry, and Biology. No attempt will be made here to cover even a
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representative from each subsection within a group, since the Report contains

extensive tables. A few general examples are all that this short summary can

attempt to cover.

1) Materials Science. Problems here include areas such as new alloy deve-

lopment, structural materials for new energy technologies, fusion reactor

materials, radiation damage in metals, embrittlement, cracks, voids and

corrosion in different environments. For example, the Martin-Marietta

company has an interest in the correlation of material properties with

the structure of Ti V(ix)C. Other problems concern the electrical and

electronic industries, such as structural integrity of semiconductors, ceramic

materials, amorphous films.

In the field of Materials Science a great number of problems clearly are

suitable to the technique of small-angle and wide-angle neutron diffraction.

Reference should be made to the contributions of Walther, Kostorz, and

Schelten in IAEA report.

2) Chemistry. In this field the industrial problems that might benefit from

neutron research concern catalysis, bonding forces, i.e. cure state of ad-

hesives, radiation damage, emulsions, and the dynamics of chemical reactions.

Two fields seem particularly appropriate, polymer chemistry, and the study

of bound and free water. Both these problems are being studied extensively

at various neutron installations and a direct contact between this work and

industry already exists.

3) Biology. The report states that there is general interest in using neutron

sources to determine the structure and properties of molecules in biological

materials, major areas of research include; information of nuclease fragments,

properties of fibrous muscle proteins, protein structure of ribonuclease,

investigation of nucleic acid, and structure of viruses. In this section most

of the organizations contacted were non-profit institutions (e.g. government
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or university research hospitals) and their main interest is thus in basic

research. However, many areas are associated with applied topics and this

application is quite new for neutrons.

A second section of the report is concerned with the possible use of neutrons

in energy related programs. This is a direct response to the mission of the

Energy Research and Development Administration (ERDA), which also operates

the National Laboratories in the US. An examination of these problems shows,

as expected, that there is an overlap between ERDA's objectives and the

problems stated by the industry as applicable to neutron scattering. How-

ever, some additional problems, such as those connected with fossil fuel

utilization, magneto-hydrodynamics, coal gasification, storage batteries,

supercon Ating systems, and nuclear fuel, also appear. In many of these the

problems center on materials limitations and there, again, small-angle and

wide-angle neutron diffraction appear to be of direct use. Another area of

importance is the measurement of fast diffusion rates (principally H diffusion)

and this subject is already covered in the IAEA report by Springer and

Skold. In nuclear fuels (and indeed in many industrial problems involving

complex installations) neutron radiography is especially useful and is al-

ready routinely used.

Conclusions

During the study period the Mitre Corporation contacted 137 organizations,

81 from the private sector and the remaining 56 being government laboratories

and universities. (This, of course, excludes the "regular" users of neutrons

and those universities etc. who have staff members involved in some aspect of

neutron research in basic science). Positive interest in using high flux

neutron sources was indicated by 23 sources, 19 from the private sector,
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4 other. Some interest, and the desire to be kept informed, was expressed

by an additional 22 sources. 23 sources expressed no interest and the rest

did not respond.

It should be stressed that this contacting, and searching for possible neutron

applications, was conducted by people with no expertise in neutron research

(Although the initial package was prepared by ANL staff and questions were

referred to ANL.) The workshop, an account of which will appear separately,

was a point of direct contact. Nevertheless, in spite of this problem and the

short period of time available to put the report together, it does contain a

number of important conclusions and recommendations.

The report demonstrates that a strong interest exists in using neutrons in

certain areas of applied research. In addition to showing the existence of

substantial interest in neutron research in US industry and other organizations,

the report is useful in establishing : (1) The need to educate potential users

regard ig neutron techniques and (2) the need to organize within each neutron

source facility a staff to take care of the problems of outside users, and to

build and operate the equipment suited to their research needs.
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Abstract

A variety of favourable neutron properties is the basis

on which neutron scattering could become a helpful tool to solve

applied research problems and to test materials nondestructive-

ly. These properties are the low absorption of thermal and sub-

thermal neutrons, the irregular change of the nuclear scatter-

ing length from atom to atom and from isotope to isotope, the

existence of a magnetic interaction and the suitable wave length

range between 1 and 20 R which allows to measure fluctuation-

lengths ranging from 0.5 R to 5000 A. A broad field of applied

research can be expected for SANS since in the fundamental re-

search this technique had been successfully used to investigate

dislocations, grain boundaries, voids, precipitates, segrega-

tions, spinodal decompositions, solutions, suspensions and mag-

netic fluctuations as Bloch and Neel walls, magnetic precipi-

tates, magnetic phase transformations and flux lines in type II

superconductors.

As typical examples four smuall angle neutron scattering

problems are reviewed. They are related to applied research in

so far as either cor.nlercial products or technologically impor-

tant phenomena are investigated. In these examples the ragnetic

hardnesses of Ticonal and Koerflex, void parameters in neutron

irradiated Al, dislocation densities in Ni and Cu, and the pinn-

ing mechanism in superconcuctors are investigated. Finally bear

time and the proportionate costs are estimated for a reference

scatterer demionstratinct that the use of neutrons can even be in-

expensive.
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Introduction

During the last ten years, neutron small angle and diffuse

scattering has been developed into an important method for the

investigation of structural problems. A large number of problems

of fundamental research has been successfully investigated by

these techniques using the instruments at the HFR in Grenoble

or at other less powerful reactors. The high amount of small

angle neutron scattering (SANS)' experiments has been reviewed

recently [1,2]. Solid-state investigations by diffuse neutron

scattering (DNS) were reviewed in [3,4,5. These reviews demon-

strate that the field of application is wide for both techniques

and is based on a few very favourable properties of neutron

interaction with matter.

In contrast to this broad application in fundamental re-

search up to now only a few problems which are of technological

importance have been investigated by these neutron techniques.

This situation is partly caused by the circumstance that the

people who are dealing with technological problems have not been

informed well enough about the characteristic features of these

techniques. With the present contribution we hope to improve

this situation.

We see two possibilities for utilizing both neutron scatter-

ing techniques in technology: (i) to solve applied research

problems and (ii) to test materials nondestructively. Because

of the favourable transmission properties of neutrons the second

possibility seems to be very promising. First steps in this di-

rection are done in the FIAT-laboratories [6,7] where turbine

blades, various types of steels and other materials have been

investigated in order to correlate small angle scattering para-

meters with technologically important material parameters. How-

ever, even from this laboratory no routine control by use of

SANS is known to us. On the other hand examples exist for the

use of neutron small angle scattering in applied research pro-

blems. By this we mean that either the investigated materials

areof technological importance or that the subject studied

with a model substance is technological. We will present in

this paper four examples of SANS in applied research. This
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part is preceded by a brief review of the most important proper-

ties of neutron interaction with matter, including a challenging

proposal for the use of diffuse neutron scattering.

In the last part of this paper we will discuss the restric-

ted availability of neutron beams and estimate the beam-time

and cost to measure the SANS pattern of a well-defined, repre-

sentative reference scatterer. We hope this estimate will en-

courage people to consider more seriously SANS and DNS as a

useful tool to solve technological problems.

Neutron Properties

Thermal and subthermal neutron beams easily penetrate

matter of cm thickness [81. For instance, for customary steels

based on Fe or Ni the absorption is such that a neutron beam of

6 R wavelength is attenuated to about 50 % in a 1 cm thick

sample. The absorption is considerably larger in Co rich alloys.

In such alloys a 50 % attenuation of a 6 R neutron beam is al-

ready achieved over a thickness of 1 to 2 mm depending on the

exact composition of the alloy. In this case one may take into

consideration that the absorption cross-section is inversely

proportional to the neutron wave length and that therefore at

least for small wavelength neutrons the necessary penetration

may be achieved. As a second example it is mentioned, that for

the Aluminum alloys in use the penetration depth of 6 A neu-

trons is exceptionally more than 1 cm.

This low absorption of thermal and subthermal neutrons -is

for various reasons required in order that neutron scattering

can become.a material testing tool. Certainly, because of high

penetration a destructive thinning of the investigated material

is not required. Besides this, the illuminated volume will be

in the order'of a few cm3 and therefore surface effects are

usually unimportant. As a consequence polishing, etching, or

any other surface treatment can mostly be omitted. In addition,

it should be noted that because of the large illuminated volume

the scattering data represent a good bulk average of the in-

vestigated material.
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in the following we will describe the structural changes

which can be investigated by neutron scattering. One will see

that almost every structural change is coupled with a fluctua-

tion of a scattering length or of a scattering length density

and gives therefore rise to neutron scattering. This neutron

scattering can be measured either in a DNS or a SANS facility

provided that the characteristic lengths for these fluctuations

are in the range between 0.5 R and 5000 R.

Typical problems investigated by diffuse neutron scattering

are substitutional and interstitial defects, magnetic impurities

or small clusters of these defects and of magnetic atoms [3,43.

For a statistical distribution of substitutional defects with

coherent scattering length bD in a host lattice of atoms with

coherent scattering length bH the scattering cross-section per

atom is given by

d () - c (1-c) (b- b ) 2 (1)
dCL D H

where c is the atomic concentration of the defects. For the

assumed statistical distribution of defects the scattering

cross-section is independent of the scattering vector X =

2ko sin 9 /2 where k is the wave vector of the incoming neutron

wave and 4v is the scattering angle. One sees that the magni-
tude of the defect scattering is essentially determined by the

difference of the scattering lengths of the two constituents.

In fig. 1 scattering lengths of atoms and isotopes are shown

as a function of the atomic weight. One sees that the scatter-

ing lengths vary irregularly and drastically from atom to atom

and even from isotope to isotope. Because of this irregularity

the scattering length difference of two components frequently

is above 0.5 10 1 cm. About this difference is required to

measure the Laue monatoric scattering of an alloy component

of 10 % concentration. For this estimate a representative 1ack-

ground of an incoherent scattering of 500 riarn has been

assumed.

Certainly, there are practical cases known in which the

Laue scatterinc is stronger and the background weaker, Thus,
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we get the opportunity to investigate structural changes in ma-

terials via the diffuse scattering, since any deviation from

the initially assumed statistical distribution causes structure

in the)<-dependence of the scattering cross-sections.

Nis5

Se

Mn2' C

o AL C

W -.2- -. ' -ATOMIC WEIGHT

-6 | MAGNETIC
NN2

Fig. 1: Nuclear coherent scattering lengths b and some magnetic
scattering lengths bmac for neutrons as a function of
atomic weight smaller than 100. X-ray scattering
lengths are shown as dashed line.
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Such frequently occurring structural changes are based upon

formations of small clusters or upon ordering phenomena. Des-
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pite these encouraging aspects so far, due to our knowledge
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Such frequently occurring structural changes are based uplloys and

are chiefly characterised by very high permeabing phenomena. Des-

applied fields [9]. At and near the composition of FeNi3 long

rangseord encouraging aspequently occurs below ar, d temperature of 503wledge

diffusThe magnetic roperties of the ordered alloys are inferior to

those ofesting the disordered in an applied rest evidence for the inflence e of

ordering one special projecbility is shown inhereafter discuss impor-

tant features of smiall angle scattering.

Very soft magnetic materials are special iron-nickel alloys

containing about 50 to 80 % Ni. They are called Permalloys and

are chiefly characterized by very high permeability at low

applied fields [9]. At and near the composition of FeNi 3 long

range ordering frequently occurs below a temperature of 503°C.

The magnetic properties of the ordered alloys are inferior to

those of the disordered. Indirect evidence for the influence of

ordering on the permeability is shown in fig. 2 where the
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maximum permeability/m is plotted versus the Ni-concentration.

One sees that/tm of the alloys with 78 % Ni concentration is

very sensitive to the heat treatment. In addition, by x-ray

and neutron diffraction it was shown that long-range order

occurs by slow cooling. However, it is not known how strongly
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Fig. 2: Maximum permeabilities of iron-nickel alloys.

a remaining short-range ordering in the quenched alloys limits

the permeability. Diffuse neutron scattering from Permalloys

could provide the necessary information which should be corre-

lated with magnetic properties in order to estimate an upper

limit for the permeability and to find ways to approach these

values. The diffuse scattering from Ni 3 Fe is unfortunately very

weak because the scattering lengths of natural iron and nickel

are similar. Their difference is about 0.1 10 1 cm. This

shortcoming can however effectively circumvented if the neutron
62

experiments are performed with alloys of Ni6 instead of na-

tural Ni. In this case the scattering length difference is

1.6 10- 12 .

In SANS experiments one observes the scattering of thermal

or subthermal neutrons from long wave length fluctuations of
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mass density, chemical composition, isotope distribution, and

of magnetization. The scattering occurs at scattering angles

of the order of )/0 where A is the neutron wave length and 0

the characteristic length of the long wave length fluctuation,

e.g. the diameter of a precipitate. Since in long instruments

t10iJ can be varied from 10- 4 to 10 1 radian fluctuations

ranging from 10 to 5000 R can be investigated. For a further

discussion of the magnitude of the scattering cross-section we

assume a two phase system of statistically distributed particles

of volume yl and scattering length density P 1 in a matrix of

scattering length density P 2. For this simplest case the dif-

ferential scattering cross-section per unit volume is given by

d__ = nl V (1- 2 2 F(X)j2 (2)
d j). 1 vI (p 1-p 2 )

where nl is the number density of particles and F(X) 2 is the

particle form factor normalized to 1 at X = O. A useful rela-

tion is - = n 1 V 1 withf the volume fraction of particles. One

sees that any two phase system gives rise to small angle scatter-

ing provided that P 1 differs from P 2 . This can occur due to a

mass density fluctuation in chemically homogeneous systems pro-

duced by the strain field of dislocations, by grain boundaries,

by voids, cracks and crazes. In more than one componental sy-

stems p 1 can differ from P 2 due to composition fluctuations

caused by precipitation, segregation, or spinodal decomposition

and in liquids by dissolved molecules or suspended particles.

Examples of two phase systems with different P 1 and P 2 due to

isotope fluctuations are, as mentioned above, mixtures of pro-

tonated polymers with a few percent deuterated polymer mole-

cules. Such mixtures have been deliberately produced in order

to investigate the configuration of the polymer molecules via

the small angle scattering from the tagged molecules. Because

of the magnetic interaction for magnetic atoms a magnetic

scattering length and a scattering length density exist which

are proportional to the magnetization and which depend on the

angle between the scattering vector and the magnetization

vector [11]. Hence, 1 andP 2 can differ in a magnetic two

phase system due to magnetization fluctuations with respect to
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direction and magnitude. They are caused by magnetic precipi-

tates in zero field or in saturation field, by Bloch and .1e'el

walls, magnetic domains, flux lines in type II superconuuctors

and by magnetic phase transformations.

All these different types of fluctuations usually have

characteristic fluctuation lengths between 10 and 5000 A which

can be resolved in SANS facilities with high resolution. The

huge number of various small angle scattering experiments done

so far in Grenoble but also at other less powerfull reactors

as they are in Jilich, Saclay and Munich has shown that one

usually can measure within a few hours the small angle scatter-

ing patterns caused by these fluctuations [1]. The estimated

time of a reference sample given at the end of this paper will

confirm this conclusion, and should encourage people to con-

sider SANS as a new tool in the applied research field.

Applications of small angle neutron scattering

(I) One of the most important and frequently used hara mag-

netic materials is TICONAL. The good magnetic properties chief-

ly characterized by a (B H) value in the order of 100 KWs/m 3
C-t X

have been achieved by various heat treatments. By these heat

treatments needle-shaped magnetic precipitates with a prevered

orientation of the needle axes are grown in a weakly magnetic

matrix. The linear dimensions of the precipitates are diameters

of about 300 R x 300 R x 1500 A. Because of their small linear

dimensions perpendicular to the field direction which is usually

applied parallel to the prevered orientation of the neeale axes

it is presumed that the magnetization is reversed by homogeneous

rotation. If furthermore it is assumed that magnetization rever-

sal in a particle is not influenced by reversals in neighbouring

particles one estimates for (B H)a an upper linrit which isn'ax
about three times higher than the best value which is reached

today 12].

Bitter patterns seen, to indicate that the magnetization

is reversed cooperatively within groups of particles. If that

would be the case the estimate has no realistic meaning. S".NS
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experiments with TICONAL X single crystals have shown that in

the demagnetized state correlations do not exist between the

magnetization vectors of the particles, thus statistically for

one half of all particles a magnetization reversal had taken

place. Maier (1969) [133 obtained this result by conparing the

scattering pattern of TICONAL X in a saturation field with

that after demagnetization (see fig. 3). Combining both results

obtained by the Bitter method and by SANS it is likely that

cooperative magnetization reversals occur at the surface but

not in the bulk and hence, the above estimate about the best

(B H) ax value in TICONAL is based upon correct assumptions,

i.e. there is a realistic chance to increase the B H value of

TICONAL.

ji- 1000 A -

GNEIZO OEMAONETIZE

MAGNETIZED DEMAGNETIZED

Fig. 3: Contour lines of the correlation function of the mag-
netization as deduced from scattering at a Ticonal X
sample in the magnetized and demagnetized state.

Much easier producable hard magnetic materials are vic-

alloys. These materials have (B H)max values of about 30 kWs/m3 .

The alloys consist mainly of Fe and Co with small concentra-

tions of Cr and V. Millions of small magnets are prodcued every

year out of Koerflex which is the German name of vicalloy 14].
However, the reason for the magnetic hardening of Koerflex

achieved by annealing at 500°C for 2 hours after cold rolling

is not satisfactorily known. Recently we performed SANS experi-

ments on Koerflex in order to obtain more combined information
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on the metallurgical and magnetic properties of these alloys.

It is the purpose of these experiments to understand better

the complexity of these magnetic materials in order to suggest

ways to improve their quality.

(II) In materials which are irradiated at 300 K in reactors

with neutron fluences in the order of 102 1 neutrons per cm2

voids are formed. A consequence of this void formation is a

swelling of the material. Volume changes Av/v larger than 10 %

have been observed in high flux reactors at the highest fluen-

ces. This swelling causes serious problems for the construction

of future reactors. Therefore projects have been started to

produce alloys which are radiation resistant and which still

have good mechanical properties. For such projects one needs a

rapid and reliable method to determine representative parame-

ters of the formation of voids. Those parameters are the number

density of voids, their mean size and their total volume frac-

tion (swelling). Representative values for all these parameters

are directly obtained by a small angle scattering pattern mea-

sured for instance with neutrons. In addition, such a method is

for various reasons superior to transmission electron micros-

copy (TEM) which is the method used so far to characterize the

void formation. The main advantages are that after irradiation

not any preparation of the hot samples is required and that

good statistical average values are obtained since in the order

of 1014 voids are investigated in the scattering experiments.

By TEM, however, after a proper thinning, for practical reasons

only a few thousand voids can be counted. These considerations

have been demonstrated to be valid by scattering experiments

on neutron irradiated aluminum specimens [151. Fig. 4 shows a

Guinier plot of the small angle scattering patterns from voids

in Al (swelling 0.8 %) measured in Julich in less than an hour.

In fig. 5 it is demonstrated that SANS, immersion density mea-

surements and TEM gave the same values for the swelling.

(III) It is not only a tedious but also a delicate problem

to determine in absolute units the number density of disloca-

tions by electron microscopy. Early neutron scattering studies

in Munich and in Julich have shown that dislocation densities

can be obtained by SANS. The results from these experiments are
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Fig. 4: Guinier plot of neutron scattering data from neutron
irradiated aluminum measured with three different de-
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Fig. 5; Swelling Av/v versus specimen position in the irradia-
tion tube as determined by small angle neutron scatter-
ing, transmission electron microscopy and by immersion
density measurements.

summarized in fig. 6 where dislocation densities ranging bet-
9 11 -2

ween 10 to 101 cm2 measured in Ni and Cu were plotted ver-

sus the ratio Z/G b where T is the shear stress applied during

plastic deformation and b and G are the Burgers vector and

shear modulus, respectively. Again, as in the void study one

gets in a nondestructive way representative and good statisti-
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Fig. 6: Dislocation densities in single and pclycrystals deter-
mined by neutron scattering versus T/(b G). V is the
shear stress, b the Burgers vector and G the shear
modulus. For further details see [1,16 .

cal average values for a parameter by which the condition of a

material is characterized.

(IV) Finally, we will refer to an example where a tech-

nologically imnortant problem, the flux pinning in type II

superconductors, is investigated in a model substance. Type II

superconductors with very hich upper critical fields are tech-

nically useful provided the flux lines can be strongly pinned.

The effect of pinning is that un to a critical current density

Ac transport currents can flow without energy dissipation.

The methoos used seo far for investigating pinning mechanisr.

were 'all based on the validity of the critical state rodel and

gave on a rather indirect way information on the basic inter-

action force exerted to flux lines. By neutron diffraction from

flux lines it was possible to measure the flux line bending

caused by the basic interaction forces and to determine so rather

directly these forces without using the hypothesis of the cri-

tical state model [133.

In fig. 7 the mean basic interaction force f2 >1/2 as

determinea fron neutron scattering data is ccmpared with the

94



230 IK/, I
u1 25 --. -

20

10
K Kkon

5

I , I , t , , I
0 0.2 0.4 0.6 0.B 1.0

B/BC2

Fig. 7: Pinning forces as a function of the reduced flux densi-
ty in Nb with Nb2N precipitates acting as pinning cen-
ters. tf2>1/ 2 determined from flux bending measurements
by neutron diffraction and k from volume pinning mea-
surements.

maximum pinning force as determined from macroscopic data using

the critical state model. The comparison gives us confidence

in the hypothesis of the critical state model.

Technical Remarks

The preceding two parts of this paper have shown that SANS

could be applied to very different technological problems as a

material testing method. Certainly there are some obvious dif-

ficulties to use a small angle scattering technique in such a

way. They will be discussed now. The scattering experiments

must be performed at research reactors with medium or even high

flux of thermal neutrons. In addition, in many cases it is de-

sirable that a cold source is installed in the reactor and that

a very long instrument for high resolution and a multidetector

for fast measurements can be used. Such a complete instrumen-

tation exists only at very few places in the world and this
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means that the application of neutron scattering involves usually

a transportation over large distances. A powerful reactor with a

good instrumentation which is solely used for material testing

purposes is probably too expensive and therefore one should

consider the possibility of renting beam time at an internatio-

nal high flux reactor or at a national medium flux reactor in

connection with the use of a small angle scattering facility.

How expensive is in this case a routinely performed material

test? To answer this question let us define a reference scat-

terer, a 1 m long steel rod which should be examined at 10 dif-
2

ferent positions by illuminating F = 1 cr2 areas. The thickness

of the rod may be t = 1 cm and such that the transmission of

; = 10 R neutrons is T = e-1 We assume further that there are

spherical precipitates for 4 = 500 i diameter with a volume

fraction p = 5 % in the material, that the scattering length

difference per atom between precipitate and matrix is b =
-12 22 -30.2 10 12 cm, and that the atom density is n = 6.102 cm; For

the characteristic scattering angle ^9 =/q one gets =
-2 c c

2-10 radian. Thus, we set the angular resolution of collima-

tor and analysator to A'A= 3.10- radian and adapted to that

the wave length resolution to AV>d = 0.15. Concerning the neu-

tron sources we consider the two cases, first a high flux reac-

tor with a thermal flux of n = 5-1014 n/sec cm2 and a gain

factor of g = 30 for the Cold Source and second, a small reac-

tor with n = 21013 n/sec cm without a cold source. For both

cases it has been taken into account an attenuation factor

f = 0.1 due to absorption scattering and other losses in guid-

ing the neutron beam. With all these figures we can calculate

the exposure time required to measure the Guinier region of

the small angle scattering pattern within a desired accuracy

(see Appendix 1). This allows us then to give an estimate of

the costs since we can assume that the proportionate cost per

hour of a beam is about 48 % at the high flux reactor and about

15 $ for the small reactor (see Appendix 2).

If an accuracy of ^-3 % is required to determine diameter

and volume fraction of the precipitates the 10 positions of

our reference scatterer are examined by a position sensitive

counter within 10 seconds at the high flux reactor and within
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2 hours at the small reactor. These measurement times corres-

pond to proportionate beam tine costs of 0.15 $ and 30 $, res-

pectively for the two reactors. It should be mentioned that

the use of a twodimensional multidetector can bring down the

prices by a factor of three to five. Thus, we can state that

the use of neutrons can even be inexpensive and that the ex-

posure times can be short enough in order that a material te-

sting in large numbers can be put forward.

Appendix 1

(1) The required beans time to meet the desired accuracy

is calculated from the following formula.

The neutron intensity AI at the detector is given by

22 'Ln fexp(- ko/k T ) k
nI = , --- J cgk. ko-x ' T-t.F.

kT x y 0

p -.7(n.Ab) 2 exp(- X2 R2) A k I .1 k1
x y

In this equation 0n is the thermal neutron flux, f the attenua-

tion factor, g the gain factor of the cold source, k = 2'1i/A
o

and k T = 3.7 -1. Because of the angular divergence d^ it holds

Ak o = 0 k o = Ak 1 = k 1 = A- ko . Furthermore T is the trans-

mission ofYthe sc ttereryand t the specimen thickness, F the

illuminated area, p the volume fraction of precipitates of

volume y- and the scattering length density difference between

precipitate and matrix is n b. With the precipitate diameter

j the volume is V = 1/6 / 3 and the radius of gyration is-

Rg = J3/20'. Using the data for reactor, instrument, and re-

ference specimen as described in the text one gets 150 and 0.2

scattered neutrons per second at the scattering vector X)e =

V3/R for the two different reactors. - With a position sensi-

tive counter centered with respect to the primary beam the

small angle scattering pattern down to an intensity drop of
- 2 se is recorded simiultaneously in 4= 4 fc iA= 18 effectivel/e
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channels. In order to obtain from these 9 data points two para-

meters with an accuracy a = 3 % the data points must be measured

with an accuracy of at least F7/2'a = + 9 %.corresponding to

125 counts per channel. Thus the minimum beam time for 10 runs

is 8.3 sec at the high flux reactor and 1.74 hours for the

small reactor.

Appendix 2

In the table 1 some prices are listed from which the pro-

portionate costs per instrument and hour were calculated. The

prices are estimated for a high flux reactor with cold source

as the Grenoble reactor and for a small reactor as the Munich

reactor.

Table 1: Purchase and operating costs of reactors

Reactor

Flux of thermal neutrons

Annual operating costs

Annual depreciation
over 20 years

Number of instruments

Number of operating hours
per year (70 %)

Proportionate costs per
instrument and hour

HFR + cold source

5.1C 1 4 ci - 2 soc - 1

8 Mli $

snmall reactor

2*1013 cm-sec-1

1 PMi S

1 Mi $

35

0.2 Mli 

14

6000 6000

48 $ 15 $
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ABSTRACT

Quasielastic Neutron Scattering on hydrogen diffusing in metals

yields information on the diffusive motion. In particular, from the

quasielastic width at small scattering vectors, the selfdiffusion

coefficient can be evaluated with good reliability. Three kinds of

experiments are discussed in more detail, namely (i) hydrogen diffusion

in Nb for a wide range of temperatures and concentrations; (ii) hydrogen

diffusion in Nb with dissolved interstitial impurities which act as

traps for the diffusing hydrogen atoms; and (iii) hydrogen diffusion

in molten lithium.

1. INTRODUCTION

The solubility of hydrogen in metals plays an important technical

role, for instance in view of energy storage problems, and also with

respect to hydrogen embrittlement in metals. For this kind of problems

the selfdiffusion coefficient for hydrogen dissolved in metals as a

* On leave from Atomenergi, Studsvik, Sweden.
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function of temperature and concentration is an important parameter. In

particular, a number of such problems also arise in connection with

fusion reactor design. In the following we will demonstrate in a number

of examples that quasielastic scattering of slow neutrons is a reliable

and relatively fast method for the determination of selfdiffusion

coefficients. We restrict the presented results essentially to

investigations which were carried out at the FRJ-2 reactor at Julich,

at the Grenoble high flux reactor, and at the CP-5 reactor at Argonne

National Laboratory.

2. THE METHOD

If slow neutrons are scattered on a metal loaded with hydrogen, the

scattering intensity is determined by incoherent scattering processes on

the protons, provided that the scattering on the host metal atoms can be

neglected. The incoherent scattering probability is then proportional

to the scattering law Sinc(Q,c) where Q = (k - k1 ) and tw = E - E

are the momentum and energy transfer during scattering, respectively.

S. (Q, 0) can be calculated by means of a Fourier transformation in space

and time of the van Hove autocorrelation function G(r,t) for the

protonic motion [1] and one gets

Sinc (Q,w) = (I/29) ff e r ) G(r,t) dr dt (s

For interstitial hydrogen diffusion, G (r,t) can be easily

calculated in terms of a simple rate equation (or a system of rate

equations), neglecting effects such as correlations, delocalization,

and finite flight time (Chudley-Elliott-model [2], see also [3]).

After Fourier transformation the resulting scattering law is, in general,

a sum of Lorentzians centered at energy transfer hw = 0, whose widths
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depend on the mean rest time of the proton on its interstitial site,

and on the interstitial lattice geometry. For sufficiently small Q,

S. approaches a single Lorentzian, namely

2 <U2>
S. (Q, ) = / e-Q > (2)
inc 2 _

t +r

where the width (FWHM) of the quasielastic spectrum is given by

2r = 2Q2D (3)

Small Q means Q < 2n/d where d is a typical distance between sites.

This requires that Q should be smaller than 0.3..0.5 X-. D is the

macroscopic selfdiffusion coefficient. The Debye-Waller factor in Eq. (2)

takes into account the vibrations of the hydrogen on its interstitial

site (<u2> = mean square amplitude of the thermal motion of the proton).

There are two essential differences between a determination of

D from the quasielastic width r, and a "macroscopic" measurement of

the diffusion coefficient, such as Gorski-effect [4] or permeation

experiments [5]. First, a quasielestic scattering process "observes"

the path of the diffusing proton over distances of the order of, say,

Q = 1..30 A whereas the other experiments sample the motion over macro-

scopic distances. This aspect could become important if the diffusion

occurs along dislocations or grain boundaries. For instance, assume that

the mobility of a proton on a grain boundary is considerably higher

than in the bulk, and that the proton spends, in a certain temperature

region, only part of its time on the grain boundary. Under these

circumstances one would expect a composite spectrum or, if only a

narrow range of energy is measured, a reduction of the observed

quasielastic intensity.

103



The second difference is related to the driving force acting on

the diffusing particle. In a Gorski-effect experiment the diffusion

coefficient (D ) is determined from the time constant of the mechanical

relaxation in the sample caused by hydrogen diffusion, after an external

stress has been applied. In this method the decay of a concentration

gradient is actually measured and the chemical potential p of the

interacting protons enters. The corresponding diffusion coefficient is

then

D = (6t/6c)T cM (c,T) (4)

where (6p/6c)T is the derivative of p with respect to the hydrogen

concentration c, and M is the mobility of the dissolved protons.

On the other hand, the selfdiffusion coefficient from incoherent

neutron scattering is related to the motion of an individual proton

in an equilibrium distribution. Under these circumstances, the mutual

interaction of the protons is not the driving force, and 6p/6c has to

be replaced by its value for a dilute system, c -+ , namely kBT/c.

This leads to [6]

D = DG(6 p/6c)c + o /(6p/6)c) (5)

The reduced diffusion coefficient D is expected to be identical to

the diffusion constant D as measured from quasielastic neutron scattering.

It should be pointed out that the quantity D is also obtained from other

"single particle" methods, namely nmr field-gradient measurements (or

isotope/tracer measurements if there were no isotope effect).

The range of hydrogen concentrations which can be studied by the

neutron scattering method is restricted by the available sample size, and

by the absorption and incoherent scattering cross sections of the host
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lattice, a and o. . In this regard NbH is the most favourablea -inc x
-3

system for such investigations (a. = 2-5 *10 barns), and hydrogen
inc

concentrations of the order of a few 0.1 at.% can be investigated with a

high flux reactor. In substances where o. is of the order of a few
inc

0.1 barns, measurements with about 5 to 10 at.% hydrogen are still feasible.

The availability of backscattering spectrometers (energy resolution 0.3...1 peV)

has extended largely the accessible range of such measurements. D-values

-7 -5 2
between 10 7 and 10 5 cm /sec can be investigated with such instruments,

-5 2
whereas conventional spectrometers cannot be used below ]0 cm /sec.

Unfortunately, the diffusion of deuterium cannot be easily investigated

by neutrons due to its small incoherent cross section, except at large

concentrations. Here, however, coherency effects will complicate the

interpretation of the spectra in'terms of a diffusion constant. However,

the coherent component in the scattering can,in principle,be used to obtain

information about inter-particle correlations if a more elaborate scheme

of analysis is adopted.

3. EXPERIMENTAL RESULTS

Experiments on hydrogen diffusion in pure materials

Selfdiffusion coefficients were determined from t-o-f spectra on

o0NbH [7] for x =0.03 and x = 0.33 which is the critical concentration
X

of this system. The quasielastic width was determined at Q = 0.5 and

1.1 - , the resulting (resolution-corrected) values of r were of the

-4
order of 1 - 2 10 eV. Figure 1 compares D-values from these

measurements with the Gorski-effect experiments. At low concentration

there is very good agreement. However, at the critical concentration,

c = 0.33, the function D yields a critical slowing down due to the

singularity of (6c/6p)T, which does not appear in the quasielastic

scattering data. Figure 1 also shows the reduced value DX from Eq. (5)
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where (6&/6c)T was also evaluated from the Gorski-effect experiments. As

can be seen, D agrees with D from the neutron data. Detailed

experiments were carried out in particular close to T , and no

critical behaviour of D*, and therefore of the mobility MH was observed

[7].

Quasielastic scattering experiments were also performed at lower

temperatures on a dilute system NbH. 0 1 2, in order to investigate

the change of the activation energy near 250°K which was for the first

time observed in Gorski-effect experiments [4]. This change of activation

energy has caused some controversy and, therefore, it was remeasured by

a careful quasielastic scattering experiment at the Grenoble reactor,

with an energy resolution of 1 peV [8]. For all temperatures, the

ordinate scale of the measured spectra was normalized from a measurement

at 180K where the quasielastic spectrum falls entirely within the

resolution window of the backscattering spectrometer. For each

temperature the spectra at three different Q-values (0.15..0.56 -Ai)

were fitted simultaneously with D as the only disposable parameter

(Eq. (3)). Figure 2 demonstrates the excellent agreement between the

two methods. These results yield an independent proof of the observed

change in activation energy which might be due to a transition from a

classical jump diffusionto a temperature region where hopping due to

phonon-induced tunneling takes place [9,10].

Finally, -we mention briefly unpublished work dealing with

hydrogen diffusion in powders of the titanium alloy TiFeH (0.1 < x < 0.8)x

[11]. From hydrogen charging and discharging times, and from the

measured grain size, the apparent hydrogen diffusion coefficient was

estimated to have a value of about 10 cm /sec at 70"C. On the other

hand, quasielastic scattering experiments at the Julich backscattering

spectrometer revealed no measurable quasielastic width, leading to a

lower limit of D < 5 .10 cm /sec. Metallographic studies explain
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this discrepancy which is caused by diffusion on sub-grain boundaries,

or on microcracks.

Hydrogen diffusion with traps

It is well established that interstitial impurities like nitrogen,

oxygen, or carbon in transition metals act as traps for the dissolved

hydrogen atoms. An interesting problem is the influence of such trapping

centers on hydrogen diffusion. This effect has been studied by experiment

and theory on a dilute model system, namely NbH 004N0.007 N[12]. The

experiments were carried out at the Grenoble backscattering spectrometer

with a resolution of about 1 peV.

At small values of Q, the observed quasielastic spectrum consists

2
of a single Lorentzian whose width is approximately proportional to Q.

Since, at small Q, the scattering process averages over many diffusive

steps, this width is expected to be determined by the effective self-

2
diffusion constant D f of the H in the N-doped niobium, with r = Q D eff eff'

At larger Q a drastic decrease of the observed quasielastic intensity

with increasing temperature is found, and the corresponding line-width

is much smaller (10..100 times) than the width for hydrogen diffusion in

pure niobium. This can be understood as follows: For larger Q , a

single diffusive step is observed, and, correspondingly, the spectrum is

expected to consist of two components: a narrow line due to protons

trapped close to an impurity; the width of this line is determined by

the mean trapping time TT. In addition, there should appear a broad

line from protons diffusing in the undisturbed lattice sufficiently

far from the interstitial. This component is so broad that it was not

observable directly. However, this part of the spectrum was recognized

by the reduction of the observed intensity ratio I /I for the narrow

line as shown in figure 3. Figure 4 shows 1/ and D f as

obtained from the spectra.
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The spectra could be quantitatively interpreted by a two-step random

walk model [13] which is based on ideas similar to the Singwi-Sjolander

model [15] ( ): it is assumed that the diffusing protons alternate

randomly between a trapped "state" (with a mean trapping time TT) and

a free "state"(with a mean lifetime T1 ). In the free state, diffusion

takes place in the same way as in the pure host metal (diffusion

coefficient D). It can be shown that the scattering law consists, in

general, of two Lorentzians whose widths r,, r 2 and weights R,, (1-R1 )

are simple functions of TT,T, and D. For small Q, one Lorentzian

dominates (R1, 0) with

r2 = Q2DT/(T + T1) Q2Dff (6)

For larger Q (at the zone boundary) one gets approximately

-I -!
r T -1 and rT rT + T (7)

R1 = (8)R = TI/(TT + T1) (8)

where r (Q) is the width for trap concentration equal to zero.

Figure 5 shows TT and Tl in an Arrhenius plot. The activation

energy for T, Eac t = 90 meV, agrees approximately with the activation

2
energy for D (70 meV), as it should, since, obviously one has T s = s /6D

where s is the mean distance between the traps. The agreement is

improved if the saturation of the traps is taken into account which makes

s temperature dependent (1/TI ' in figure 5). The activation energy

for TT is 180 meV. Therefore, the lowering of the binding energy due

to interstitial atoms is about 180 meV - ED t 0.1 eV. This value
act

agrees with results from resistivity measurements [16] and elastic

(1) For a justification of these models see [14].
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theory [17]. The solid curves shown in figures 3 and 4 are based on

more detailed atomistic theories for the trapping process, describing

the interaction between the dissolved N and H in terms of elastic

strain fields [17]. A detailed analysis of all measured data has shown

that the two-step random-walk model allows a consistent, accurate,

and also quite simple analytical description of this problem. This

theory might be of general use for thve theoretical interpretation in

other cases of diffusion in impure materials, except for large Q where

the detailed structure of the trap comes into play.

Hydrogen diffusion in molten lithium

In order to evaluate methods for the recovery of tritium from the

lithium blanket in the fusion reactor it is essential to understand

the transport of tritium in molten lithium. The transport of tritium

and of the other isotopes of hydrogen through the blanket and through

the structural components is also important for the evaluation of

possible deterioration in material properties due to hydrogen embrittle-

ment. These problems are conveniently studied by quasielastic neutron

scattering which measures directly the diffusion constant of the hydrogen

isotopes. In the following we report briefly on preliminary results

obtained for the diffusion of H in molten Lilo 2 at 700°C by means of

quasielastic scattering as described in Section 2.

The scattering spectrum was measured for 18 values of Q in the

region where the Q -behaviour is observed. In order to isolate the

hydrogen scattering, measurements were made with and without H in the

sample, and the difference was taken as the scattering from H alone.

Because the scattering from H is much stronger than the scattering from

Li, and as the interference scattering is weak at the small values of

Q of interest here, this procedure does not introduce any errors. A

detailed discussion of this will be given in a full paper in the near

future. The values of DB obtained from the values of Q measured are
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shown in Fig. 6. These were obtained by dividing the measured width at

2
each Q by Q , and the results show that we are in the region where

the quasielastic scattering is described by the simple diffusion model,

i.e. according to Eq. (3). The value obtained for DH is

(4.1 x 0.5) x 10 cm /sec, where the error is estimated from the

scatter of the values at the individual values of Q. It is interesting

to note that DH is only 40% larger than DLi and that simple mass

scaling according to D/DLi = (mLi/mH) / does not apply in this case.

In Fig. 7 we compare the present result with the results obtained

recently from conventional permeability measurements by Alire [18] at

three temperatures. The samples measured by Alire are LiHo 0 8, LiH0.02

and LiH005 at T = 805°C, 855°C and 905°C, respectively. Assuming

that concentration effects are not too important we must conclude that

the two sets of experiments are inconsistent. Although we are not able

to explain this discrepancy it is worth noting that the permeability

measurements are less direct. For example, they are very sensitive to

a proper correction for the rate of permeation through the container

material. On the other hand, the neutron measurement is made under

equilibrium conditions and does not suffer from this difficulty. We

plan to repeat the neutron experiment at lower concentrations and at

several temperatures in the near future. We also plan to determine the

diffusion constant for D in LiD . Due to the relatively weak scattering
x

from tritium, a direct measurement on LiT is difficult. However, the

results for H and D should yield enough information regarding the

isotope effect'to allow an extrapolation to the case of tritium.

RESUME

We could demonstrate that quasielastic scattering is a rather

accurate method for the determination of D for hydrogen in metals
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(better than 10% if resolution corrections are properly carried out).

The method is particularly advantageous for cases where only powder

samples are available so that other methods are difficult to apply,

and for diffusion in liquids.
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FIGURE CAPTIONS

Fig. 1 Selfdiffusion coefficient for hydrogen in NbHc vs. temperature

T for different concentrations c, by Gorski-effect

experiments [4] and by neutron quasielastic scattering [7].

D = reduced selfdiffusion coefficient from Eq. (5) with

D and (6 p/6c)T from Gorski-effect experiments (from [6]).

Fig. 2 Selfdiffusion coefficient for hydrogen in NbH0.012.

Circles: quasielastic scattering experiments (Richter et al. [8]);

Solid line: Gorski-effect experiments;

Dashed: extrapolation of the high temperature curve in [4].

Fig. 3 Intensity I 1 of the narrow component in the quasielastic

spectrum for NbN0.0 0 7Ho0. 0 4, in units of the total intensity

I (as determined at small temperature) [12].

Points: experiments (Q in 1-l );

Solid lines: theory (see text, r = distance of closest

approach used in the theory).
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Fig. 4 Width rT of the quasielastic spectrum for NbN 0.07H0.004

measured at large Q (due to the trapped protons), and

selfdiffusion coefficient D f = /Q2 from the width F(Q)eff

at small Q, vs. temperature [12].

Solid line: atomistic theory.

RWM: random-walk model calculation with the parameters from

figure 5.

Fig. 5 Interpretation of the results on NbN 0.007H.004 in terms of

the random walk model.

Crosses: (mean trapping time) ;

Triangles : (Mean time between trapping events) 

Circles: mean time between trapping events, corrected for
I

saturation, from [17].

Fig. 6 Selfdiffusion coefficient DH for hydrogen in molten LiH .2

at 100°C obtained from the quasielastic width at different

values of the scattering vector Q using Eq. (3).

Fig. 7 Present result for DH compared to the results obtained by

Alire [18].
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SI4ALL ANGLE NEUTROIT SCATTERINTG FOR IOIT-ODE.STUCTTVE TESTIITG OF i.ATIRIALS

I. /Jalther, F. Pizzi

Fiat Research Laboratory

Orbassano, Torino, Italy

1. INTRODUCTION

During the last 10 - 12 years, small angle neutron scattering (SANS)
became an important tool for the investigation of structural problems

in solid state physics, chemistry and biology /1/. iore recently, sin
ce about 5 years, the unique possibilities of SAIIS in view of non de-
structive testing have been investigated by the FIAT - Research Labo-

ratories /2, 3, 4/. During this time a SAITS device has been designed
and built /5/ and entirely destinated to the development of technolo-
gical applications.

As it is shown in Tab. I, SATS can be positioned between two intensi-
vely used classical methods, radiography and Bragg scattering. In this
positionSAS covers a gap which is not accessible by any other non de-
structive method.

Infact, intermediate are the intertlion phenomena and the observation
angles: radiography observes at zero angles the attenuation of the di-
rect beamrmultiple small angle refraction its line broadening, small
angle diffraction the intensity near the direct beam and Bragg scatte-
ring single peaks at wide angles. Dimensions of the concerned inhomoge
neities are also intermediate in a range of about 4 orders of mr.gitu-
de.

Intermediate are last but not least the prospected applications:whilst
Bragg scattering is not concerned with mechanical failure and radiogre

phy with failure in its final stage, SAITS should allow one to characte
rize the evolution of such structural details which could determine a
failure process.

Present research wih SGAS in the field of non destructive testin.g deals
with correlations between scattering effects and various fabrication or
degeneration processes. Such processes cLn be divided in mechanical (fati-
-ue, cold work) - thermal (aging, phase transition, recristallizatlon) and
thermomechanical ones (creep, thermal fatigue etc) and depend on structure
(precipitates, grain boundaries...) and defects (dislocation, uvoids

,' cracks).
Final objectives of SAI:S work in this field are essentially the following
ones:

a.) to achieve more reliable and economical project criteria by exploring
better the "ignorance part" in the so called safety factors.

b) to control for the correct execution of complicated thlermcmechanical
fabrication procedure of mechanical components.

c) to control for excessively severe service conditions of a material by
observing its degeneration ir. an early stage.
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d) to determine the residual lifetime of components in the final stage of

the degeneration process.

The results so far obtained in the FIAT labs are very encouraging; they

demonstrate in many examples that such objectives are already achievable

or that they may be achieved in the near iuture.

After a short consideration of the theoretical background of the methods,

the experimental basis is described elsewhere /4/, a series of possible

applications is illustrated.

2. THEORETICAL BASIS AND INTETRPRiETATION,

Although neutron scattering often requires somewhat complicated consi-

derations,the theoretical basis of the here considered applications can

however be sununrarized rather simply. SANS analysis is in general based on

the comparison of the experimentally obtained structure-dependent scat-

tering crossection with the one calculated from a model structure.

Pig. 1 shows schematically such a model structure with a dislocation}

a wid and a precipitate embedded in a oristal matrix. An incident pla

ne wave can be considered to create at any single point)characterized

by its (nuclear + magnetic) scattering length bh and its positional

vector 1k a spherical wave. The,total amplitude A of the scattered

wave, observed at a direction defined by the scattering vector k

(ved. fig. 1)is the sum of the single spherical waves or the Fourier

transform of the scattering length density i (r) over the smnple

volume V

-_

A&•^(fr- e dt ) (1)

The scattering cross section is then obtained as

oL =s AA*
c J'a (2)

Experimentally it is determined by measuring the intensity dl, scate-

red in the solid angle interval i... and by normalizing for the inci-

dent intensity 3 , the sample thickness and the beam attenuation by

absorption and scattering ( _ ̂ absorption, scattering cross

section):

Gt r~- Jod )(3)

The here desired informations concern positional and compositional

fluctuations tAY(rt with respect to the scattering length density

) of the ideal cristallite matrix.
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hcan infact be neglected in

=. ̂M?+ qo (4)

at scattering angles which are too small for satisfying the Bragg
relation. For avoidirgmultiple Bragg scattering into the small an
gle region, a sufficiently long wavelength (e.g. 8 2) has to be u
sed for SANS - work in metals /6/.

A series of calculated cross sections which are the ones more fre
queetly used in technological SANTS-work, are listed in Tab.II 
These are first of all the ones for isotropic particle scattering
(N m particle density). At very small angles they have a common form,
the well known"Guinier Approximation". Using this forma. dimension
of the scatterers, the radius of gyration Rg is easily obtained in
many cases (diluitd monodispersion)./7,8,9/
Further scattering functions are the ones for linear dislodations
( C = dislocation density) and random fluctuations of the scatte
ring length density (l = correlation length)./1,7,9,10/
At wider angles the different asymptotic form of such functions can
be often used to identify easily the type of a scatterer.
This'is conveniently done by plotting the results on log-log paper
to read the slope.
It is important to note, that multiple refraction, obtained when
the neutrons pass successively through zones of different refraction
index (A - constant, n = number of refractions), can be identified
and in certain cases separated from particle scattering./11,12/
This is possible by repeating the measurement with a different wave
length and plotting the results in function of K.
For all' the reported examples, the results will depend on X only
in the case of multiple refraction where X influences the line broa
dening.
Superposition of scattering contributions from different scatters is
not so serious as it might seem; the single effects normally are pre
dominant in different angular regions. Interpretation is however al-
ways performed by a kind of trial error procedure and a godd know-,
ledge of the examined material is essential as much as the possibili-
ty of using, when necessarythe electronmicroscopy.

3. RESULTS

The here reported examples concern 3 different fields, where non
destructive control by SANS is possible:thermal treatment, fatigue
and creep processes, and degeneration fenomena in turbine blades.

3.1. Thermal treatments

A series of carbon steels have been examined according to fig. 2
which are characterized by their increasing carbon content and consequen
tly by the ratio of platedf 1ath martensite. Such morphology diffe
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rences evidently influence t - : r'- er of refractions from magnetic

domainSand therefore the linebroadening.
The figure shows both, the dependence on heat treatment and carbon

content. It is remc.rble that a similar linear dependence exist for

the strength in function of carbon content and Grain size, the im-
portant quantities to be controlled.

Fig. 3 cnncernes a maraging steel 17.4 i'H which assumes, after suita-

bleheat breatements, a marrtensitic structure with v.rious fractions
of ferrite, austenite and copper precipitates. A superposition of
different scattering contributions is clearly seen flom the figure.
At the lo'rer sca.ttering angles multiple refraction from the m-ngetic
domains is important, whilst particle scattering from the Cu-precipi-
tatos of - 100 R is predominant at the wider ones. This became evi-

dent by comparing the slopes for different u.avelenth's as indicated
in the figure. The control of precipitation is one possible applica-

tion, the other one is better shown in fig. 4 where the obtained mul
tiple refraction is inter tr ed.

The corresponding lincbroadenlrg is plotted:'. tcr-, f'nction of the
tempering temperature and compared Ewith thepercentof -.ustenite mea-

sured on the same material with the conventional X-ray method.
The excellent agreement indicates a possibility to control the resi-
duel austenite in a non destructive way.

lTi - superalloys as IICOITEL X-750 have been intensively studied with

SATS. The strengthening phase in such alloys is constituted by y'-
precipitates, an intermetallic Ili (Al, Ti) compound. SANS allowes
to measure the size distribution of these precipitates. A typical
result is shown in fig. 5 where the respective results fror electron
microscopy are also indicated.

The size evolution of j-s during aging (at 8430C), measured by
SAPLS is shown in fig. , T.h. result agrees well with the theory of, f
UJarner Lifshitz which foresees infact a linear dependence with t 

IITCOLOY 800 an austenitic high temperature steel can be strengthened
by the seae ' precipitates as the Ni-alloys.. Inpcrtmnt is also the

carbon content end carbide forrmation.

The electron micrographs of fig. 7 show thet the structure before
heat treatment, is characterized by a high dislocation density and

after heat-treatment by carbides. SltAS gives in both cases the correct
asymptotic slopes (-3 for dislocation and -4 for particle scattering).

3.2. Creeand Fatiue

- Creep in ITCOLOY 800 has been examined with SANTS according to fig. 8
where the total scattering cross section is plotted, s well as the
apparent radius c: gyration. A rapid and uniformn increase of these quan
titles is observ'il first as a consegu-ence of heat tretrment (see effect
of fig. 7)lateron a further increase takes place, evidently caused
by creep degracldl-iion rnd interpretable by the formation of microvoids.

- Armco iron specimens, have been submitted to fatigue at different peak

stresses.
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Fig. 9 shows Ihe consequent variations of the average m.agnetic domain
dimensions d. indicated by multiple refraction. Fig. 10 illustrates
how such results can be applied. Plotti.ng the variati6ns of d. obtained1
near the ruptu.e point in function of the applied stress, the fatigue
limit ( 16 kg/mm ) is obtained by extrapolation.

-A further exxample on fatigue has been obtained with polycristalline
:!i. Fig. 11 reports the increase of scattering when ssamples are fati-

gued at different stresses s up to cycle numbers IT which were still

far away (at lifetimes lower than -10o,,) from rupture. The incremental
scattering curves are due to dislcation scattering.
Plotting in fig. 12 the deduced dislocation density r ir function of

f2 the square of the applied periodic peak stress, the results

show that P is proportional to % as theoretically prodicted,/l13/
and the intercept value -:24,5 kg/mm2 (at y = O) is in good a,-reement

with the fati.uc limit of Ii, SAP'S prospects in this way a non distruc-
tive way of cortrolling if a component works below or above the fatigue
limit.

3.3. Derad.ation in turbine blades

Very-interesting exnmples o1 SANIS applications are given by the con
trol of the t' evolution during the service of turbine blades.

Fig. 13 shows this evolution for power station gas turbine blades,

firstly during the aging process and during service after 16.000,
60000 and finally at 65.000 h where failtue occured. A similar evo-
lution is observed in (accelerated) creep-rupture tests, as also re-
ported in Fig. 13.
It is import-rnt to note that no degradation is observed at the base

of the blades where the temperature remain rather low.
Similar effects are obtained in blades of aircraft engines as shown'
in fig. 14.

One can observe the time evolution of the w radius, which is maximum

in the middle of the bl.des, but also control for possible temperatu
re excursions and their contributing effect on the finl.] lifetime.

4. CONCLUDI.LG REsiK'AR3

S:;cope of the present article was to demonstrate tle possibility of applying
the non destructive S.A.N.S. method in practical problems of industrial me-
tallurgy.
Such .peplie.atmions a.re a)reacy convenient, on an economical bahis, when one

or miore of t;-ie fol i olin - ky problems exist:

- routine e:,<a:ulinsl.ior of tr!e 'ierait..tion prcoesses in rat.:her expensive mecnll.

nica.l cotmponmnent (,?-%; turbi?.ne bladesa m.y c os, more -ttin 10CO .,/Kg)

- op'tirmiZ.atix n of ha.'; t':CreRtl:rent r.orocesses (.;-,e h, ,rdenin;,) ;ana statisticao. corn

-rol on comrlonents of ti' inautL-lria.]. pro'fSs.

- investigf-'i !n or h;.racterizition of the strluc't. at ioefgraiat ion plrocess (tree.i>
r;t zue) in si;:''l sampl.es or components, where the destructive routine
ma-'lny is(e.. by elec'trornmicroscolp3y) w,;ould require excessive test coapcit:e:;.
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Neutron fluxes in common university research reactors (51MW) are sufficient

for such applications and it seems that many of such reactors are presently

underoccupied. The required S.AN.S instrumentation would cost about

200.000 $ and its rational use wauld seem to be a problem resolvable by

a well organized industrial 'joint venture, perhaps supported by national or

international public subventLIon.

Application of S.A.A.S in the mentioned field further requires a combination

of personaleexpertise in neutron scattering and industrial metallurgy .

Such a combination is not olrinnir,]y available. For convincing metallurgists

in front of S.A*N.S results electron micrographs are extreme

ly useful besides of the cases where they are really necessary for experi-

mental support. The neutron physisists on the other hand tend to consider

metallurgy sometimes as a disciplin not useful enough for their universi

ty career.

Looking to these present problems in an optimistic way, one may say that

application of S.A.N.S. for non destructive testing however constitutes an

excellent example of how to close the gap which exists in many fields bet

ween industrial (applied) research and fundamental research.

Looking more in the future especially towords the problems of limiting the

increase of energy and mraterial consumption, one may predict an increasing

interest in methods like S.AJT.S. Such problems infact require structural mrie

rials to become stronger.(lighter)and applicable at Higher temperatures.

They furthermore require to use those materials much closer to the real techni

cal limits of applicability without decreasing safety. All these problems

necessitate a better and more quantitative knowledge and control of degrada-

tion processes. Only by increasing this knowledge can one hope to eliminate

gradually the "ignorance part" of the so called safety factors and to substi

tute it by probabilistic failure considerations.

Great industries have enough interest in resolving' such problems and conse-

quently in applying S.A.N.S.
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TAB. II : Commonly used scattering cross sections in technological

SANS - WORK.

N = density of scatterers, V - scatterer volume, 1 - correlation

length, p - disclocation density, b - Burgers vector, v - Poisson

ration VA - atomic volume, G - interference function, n - number

of refractions
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