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ABSTRACT

Neutrons possess a number of attributes which make neutron scattering
a powerful technique for the investigation of problems in materials science.
These properties are discussed with emphasis on their importance to mater-
ials characterization. A number of recent experiments using neutron scat-
tering will be described. These studies include the areas of damage accum-
ulation; residual stress; porosity in ceramics; polymer chain configurations;
phase changes.

INTRODUCTION

The technique of thermal neutron scattering has proved to be of extra-
ordinary value in the characterization of materials. In many cases the
detailed information provided by the scattered neutrons can be obtained by
no other method. The formal theory of neutron scattering is similar in many
respects to that for x-rays. However neutrons possess a number of special
properties which make them exceptionally useful in materials research. Per-
haps the most striking feature of neutrons is their great penetration depth.
Specimens used in neutron scattering experiments typically are several milli-
meters thick so that volumes of the order of a cubic centimeter are irradi-
ated. Therefore truly bulk properties are measured, largely undistorted by
the presence of a surface. It becomes possible to study phenomena which of
necessity require the survey of many grains (such as grain boundary cavita-
tion or bulk microcracking) or objects which are themselves comparable to,
or larger than the penetration depth of x-rays (e.g., pores in ceramics).
The large penetration depth permits the study of stress states and of texture
as a function of position in a component.

Another important property of neutrons is the form of the dependence
of scattering length on atomic number. Unlike the case of x-rays neutron
scattering lengths are not a monotonic function of atomic number but rather
show a more random behavior. The precipitation kinetics of alloys which
contain elements situated close to one another in the periodic table fre-
quently can be followed easily by neutron scattering whereas with x-rays
the scattering contrast between constituents is too small to make an experi-
ment feasible. A fortunate circumstance is the fact that several light
elements, most notably hydrogen and deuterium, are comparatively good
neutron scatterers. Happily hydrogen and deuterium differ considerably in
their scattering lengths. The technique of selective deuteration has been
used with great success to study polymer and micelle configurations. In
this fashion long standing disputes about the morphology of polymer chains
have been settled.

Neutrons interact with the nuclei of atoms. Hence in structural de-
terminations neutron scattering gives information directly as to positions
of the nuclei in the crystal whereas with x-rays this information is convo-
luted with the electron positions. In the case of magnetic materials there
is an additional contribution to the scattering arising from the interaction
of the magnetic moments of the neutrons with those of the atoms. Neutron
scattering has been, and continues to be of incalculable value in the
elucidation of magnetic structures.

A number of books and review articles (e.g., [1-4]) treat the mathe-
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matical formalism of neutron scattering, discuss the type of information that
can be extracted from scattering patterns, and &scribe experimental details
of the measurements. In the following sections brief descriptions are given
of a number of recent experiments which illustrate the use of neutron scat-
tering techniques to characterize materials.

STUDIES OF DAMAGE ACCUMULATION

Bulk microcracking in a ceramic

Small angle neutron scattering (SANS) has been used by Case and Glinka
[5] to study the extent and character of bulk microcracking in the ceramic
YCrO . This material undergoes a phase transformation at 1100

0
C. Micro-

cracling is produced as the material cools through the transformation
temperature after it has been sintered. Prolonged annealing below 1100*C
heals the cracks whereas reheating above this temperature returns the materi-
al to its initial microcracked state. Since the material initially was
sintered around 1750*C the subsequent heat treatments at the much lower
temperature of 1100

0
C leave the microstructure essentially unchanged except

for the introduction or healing of the microcracks. Material with this
behavior is ideally suited for SANS measurements: subtraction of the scat-
tering of a specimen in the healed state from the scattering when it is
cracked eliminates the contributions from all other sources, such as the
surfaces. Since it was suspected that, at least in two dimensions, the
cracks are quite large (several micrometers in extent), it was necessary to
establish whether the scattering is controlled primarily by the principles
of diffraction or if refraction effects have become important. In the
former case the differential scattering cross section dE/dQ depends on
neutron wave length A only through the scattering vector Q. (The magnitude
of the vector _ is equal to 4w sin 0/A, where 20 is the scattering angle.)
When the scattering entities become so large that refraction begins to be
appreciable, curves of dE/dQ vs Q are no longer independent of A. Tests
carried out at several wave lengths showed that the scattering from the micro-
cracks in YCrO is indeed diffractive. The data can be fit to the curve of
scattering expected from an ensemble of randomly oriented thin disks of height
2H and radius 2a (Fig. 1). An average height of 24 nm was obtained from the
curve fitting procedure. Elasticity measurements in conjunction with the
scattering data yielded values for the average crack radius and crack density.
The average crack radius, 5.7 pm, has the expected value of 1 - 2 grain
diameters.

The results of the YCrO3 experiment demonstrate that SANS can be used
to detect the onset of microcracking in brittle materials as well as to
quantify the extent of damage. It is possible that microcracking in metals
(including grain boundary cracking) also can be studied by SANS.

YCrQ3 Scattering fr
-9 Microcracks Fit to

b Thin Disk Model
AH FIG. 1. Scattering intensity vs

I ý+ XP scattering vector for YCrO con-
* taining microcracks. The curve is

a least-squares fit to the data of
the scattering function for randomly
oriented thin disks of thickness
22H = 24 nm [5].

Z

.0A0 in 514 as 056 A .) 0
SCATTERING VECTOR 0 (4r)

I . I . t . a 7 .-. . . . . . ._ - - __ A -

https://doi.org/10.1557/PROC-41-73 Published online by Cambridge University Press

https://doi.org/10.1557/PROC-41-73


75

Radiation damage

Radiation damage frequently appears in the form of voids. (The use of
SANS to study cavitation will be treated in a subsequent section.) Another
form of radiation damage occurs in precipitation-hardening steel containing
a small percentage of copper. This material becomes embrittled after expos-
ure to neutron irradiation. It was suspected that the embrittling agents
are either small voids or copper-rich clusters produced by the radiation,
but the features are too small to be detected with clarity in a ferromagnetic
material by transmission electron microscopy. This problem has been studied
by SANS [6] and further work is in progress [7].

Since iron is ferromagnetic the neutrons in a SANS experiment are scat-
tered not only by heterogeneities in the composition of the specimen but
also by its magnetic domains. To eliminate the complication of superimposed
refraction from domains the specimen usually is magnetized in the plane per-
pendicular to the neutron beam. In the expression for the differential scat-
tering •ross section for such a ýagneti~ed ferrom@gnetic specimen the factor
(Ap ) is replaced by [(Ap ) + sin a (Ap ) ]. Here Ap and Apn nuc ma
are n e differences in nuclear and magnetic scaftering length mensity between
matrix and scattering entity and a is the angle between the imposed magnetic
field H and the scattering vector _q. The ratio of dE/dQ measured perpendicu-
lar to H+to its value parallel to the field gives directly the quantity[(ar t + (Ap ( = A. Frisius, Kampmann, Beaven and Wagner

nuc ma 1 nuc[6] compared measured values of A with calculations based on scattering
arising from Cu precipitates in iron (A = 11.1) and from voids (A = 1.3).
For iron containing small amounts of copper A was found to equal 11.1,
indicating that the scattering is caused by copper precipitates. Size dis-
tribution curves derived from the SANS data gave a value of 2.2 nm for the
radius of the precipitates induced by fast neutron irradiation. Odette and
Glink23 [71 are studying the effects of neutron irradiation (total fluence
of 10 /m atru290 *C) on a plain carbon steel containing 0.35 wt.% Cu.
Figure 2 shows plots of scattering intensity vs Q for a magnetized irradiated
specimen. It can be seen that there is an appreciable difference between
the scattering intensities perpendicular and parallel to the magnetic field1
The ratio of the scattering in the two directions is greatest at Qa,0.7 nm
and serves to identify the source of scattering as particles which are
roughly 50/50 Cu-Fe. The average diam er 3 of these particles is about 4 nm
and their number density is 2 - 5 x 10 /m . At higher values of Q the ratio
of the scattering intensity in the two directions drops to a level consistent
with scattering from voids. Thus the SANS measurements show that (in agree-
ment with Frisius et al. [6]) the irradiated samples contain copper-rich
particles and even smaller voids or vacancy clusters. The small defects may
enhance diffusion and thus promote formation of the precipitates. These
experiments nicely illustrate the fact that, in the case of magnetic mater-
ials, additional information is provided by the magnetic component of dE/df.
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Microstructural changes produced jy high temperature service

Several SANS studies (e.g., [8,9]) have been carried out of the effect
of high temperature service on the size of y' particles in a nickel base super-
alloy. Since the strength of an alloy containing dispersed particles depends
on their size and distribution, any coarsening is likely to result in a degra-
dation of the material's mechanical properties. Recently the effects of high
temperature exposure, with and without deformation, have been investigated
in a ferritic stainless steel, Fe9CrlMo modified with the addition of small
amounts of the strong carbide formers V and Nb [10]. This steel is a candi-
date material for use in power generation applications, where it must maintain
its ability to withstand static and cyclic loading even after prolonged per-
iods at elevated temperatures. The modified Fe9CrlMo is used in the fully
tempered martensitic state. Its initial microstructure may be characterized
as a lath structure with a high dislocation density and containing a disper-
sion of fine V Nb C carbides. Degradation of the material's strength is
associated witK ti-exformation of equiaxed subgrains, a clearing out of the
dislocations and coarsening of the MC carbides and growth of chromium-rich
M C carbides. Experiments have been carried out to see if these micro-JDu
s ructural changes can be followed by SANS. In one series of SANS measure-
ments, the effect of aging temperature on the carbide population in modified
Fe9CrlMo aged isothermally for 5000 h was investigated. The size distribu-
tions of the carbides deduced from the scattering curves are shown in Fig. 3.
It can be seen that aging at 538*C produces the highest density of fine
carbides. Shifting to higher aging temperatures results in coarsening and a
drastic decrease in the carbide density. These results are consistent both
with TEM observation [11] and with measurements of the hardness as a function
of aging temperature (Fig. 4). Similar correlations have been made between
the pronounced cyclic softening observed in the steel at elevated temperatures
and changes in the carbide population as deduced from SANS measurements. It
is rather surprising that the SANS-derived size profiles, calculated with an
average scattering length density for the carbides, agree so well with the
TEM and hardness results. The composition, and thus the scattering length
densities of the carbides are changing continuously during time at high
temperature. This situation points up one of the problems associated with
SANS measurements in complex materials. It is difficult, if not impossible,
to separate the scattering components arising from several classes of
scattering entities when each of these entities changes from one specimen
to another in a series of tests.

Fe 9CrIMo & V, Nb

a Starting
10 ......... s4'c Material
.60 .... 64-C c(N&T)

7046CI : •
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FIG. 3. Size distributions dN/dD of the FIG. 4. Hardness as a function
carbides in modified Fe9CrlMo aged 5000 h of aging temperature. Modified
at 538%, 6490, or 704*C, or normalized Fe9CrlMo aged 5000 h [10].
and tempered only [10].
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Grain boundary cavitation

Grain boundary cavitation is an important damage mechanism at high
temperatures. A large number of metals and alloys, when subjected to defor-
mation at elevated temperatures, develop small voids on their grain bound-
aries. These voids grow under continued deformation and eventually may
coalesce, thereby causing failure. Cavitation is an important engineering
problem but it also is of considerable scientific interest. How do voids
nucleate? Why do they grow under certain conditions? A great deal of
effort has been expended on the theory of cavitation but almost no data
exist of the type which would permit the testing of the theories. The sort
of information needed includes the number densities of the voids and their
size distributions as functions of time, temperature and deformation para-
meters. For reliable results a large number og voidf 2 should be included in
the sample. In typical SANS specimens some 10 - 10 voids are included in
each measurement. The voids nucleate only at grain boundaries, so their
total volume fraction is quite small. It is pogsible with SANS to measure
void volume fractions which are as small as 10 . Observations of voids
should begin as close as possible to the nucleation event, but since nuclea-
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FIG. 5. Void size distribution curves for Cu crept at 405'C under a stress
of 27.6 VPa for (a) 1.1 x 104 s, (b) 2.2 x 104 s, (c) 4.3 x 104 s, (d)
7.7 x 10 S. Smooth curves (A) are obtained from the SANS measurements. The
other curves are calculated on the basis of void growth models based on
grain boundary vacancy diffusion (B), and diffusion coupled with matrix
plasticity with (D) and without (C) surface energy forces taken into account
[13].
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tion is continuous it also is necessary to be able to include large voids.
Void sizes in the range of a few nanometers to somewhat less than a micro-
meter can be detected by SANS and analysed by diffraction theory. Of great
importance, it is possible with SANS to separate void nucleation from void
growth so that these two phenomena can be distinguished.

An extensive study of grain boundary cavitation in a model system, high
purity copper, has been carried out with SANS [12-16]. The size distributions
of voids in copper crept at 405

0
C (1/2 the absolute melting temperature) under

a stress of 27.6 MPa for varying amounts of time are shown in Fig. 5 (curves
A). The detailed information provided by the SANS measurements (e.g., nuc-
leation rates, average void spacings) permits calculation of the size distri-
bution curves predicted by various growth theories (curves B, C, D). Thus,
for the first time, it is possible to make a quantitative evaluation of the
merits of the various cavitation models. The information obtained from the
SANS measurements is quite unique and should prove to be of great value in
the investigation of cavitation processes.

Ceramics as well as metals cavitate and the methods described above
have been used to study the phenomenon in a number of ceramic materials [17-
19].

RESIDUAL STRESS AND TEXTURE MEASUREMENTS

Another application of neutron scattering to materials research which
has considerable scientific and technological potential is the measurement
of residual stresses. Because of the large penetration depth of neutrons it
is possible to use a slit system to measure stress as a function of position.
Thus stress states can be determined through the thickness of a component
without destroying it. The validity of the method has been verified by
experiments on test bars in which the stress state is known [20, 21].

One investigation [22, 23], the measurement of stresses in cermets, will
serve to illustrate the use of neutrons in the study of residual stresses.
These experiments were carried out at the Intense Pulsed Neutron Source at
Argonne National Laboratory. Cermets are very hard materials consisting of
small pieces of a hard carbide in a soft binder, in this case tungsten car-
bide in a cobalt nickel alloy. Because of the large difference in the ther-
mal coefficients of expansion between tungsten carbide and the binder, huge
hydrostatic stresses are built up during fabrication of the material: tensile
in the binder and compressive in the carbide. In this particular experiment
the effect of various forms of applied stress on relaxing the large hydro-
static stresses was investigated. It was found that modest amounts of strain-
ing or cycling produce relaxations of the order of GPa's. Such a change in
the internal stress state under loading certainly must affect the behavior
of the cermets during service. A result which makes the data seem very con-
vincing is the fact that the volume averages of the measured stress changes
are zero (to within experimental error), as indeed they should be.

Residual stress measurements by neutrons should be useful in the exam-
ination of welds, to study load sharing, the effects of heat treatment,
mechanical treatment. Improved instrumentation and incre sed neutron fluxes
will improve the spatial resolution, currently about 1 mm .

The ability of neutrons to interrogate large volumes also make them
useful in the study of texture development. Recently on-line instrumentation
for texture determination has been devised [24] which permits the kinetics of
recrystallization to be studied.

POROSITY CHARACTERIZATION

As mentioned in the introduction, the ability of neutrons to penetrate
substantial thicknesses of material opens the door to the possibility of
investigation by neutron scattering of "large" microstructural features. In
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general, the scattering of neutrons with the wave lengths ordinarily used in
SANS experiments follows the theory of diffraction if the scattering entities
are less than a few tenths of a micrometer. Refraction is dominant in the
case of heterogeneities larger than about 10 pm. In the intermediate size
range scattering occurs by a mixture of diffraction and refraction. If the
density of scatterers is high multiple scattering effects profoundly influ-
ence the shape of the scattering curve and its dependence on neutron wave
length. The theory of scattering in the intermediate range between pure
diffraction and the dominance of refraction, with the added complication of
strong multiple scattering effects, is currently being developed [25]. Thus
the range of features which may be studied and analysed by neutron scattering
is opening up to the point of overlap with other NDE techniques. This new
development is proving to be especially valuable in the study of porosity and
sintering in ceramics. From measurements of beam broadening as a function of
neutron wave length in direct beam experiments it is possible to determine
the average radius of the scatterers and their density. Figure 6 shows the
dependence on neutron wave length of the radius of curvature rc at Q = 0 of
the circularly averaged scattering curves for the ceramic YCrO in three
states: powder, green compact and sintered [26]. The points represent exper-
imental data and the lines are theoretical calculations. It can be seen that
the agreement between theory and experiment is excellent. Sample thickness
and average size and density of the scatterers are parameters which enter
into the curve fitting. The scatterers are taken to be the powder particles
in the case of YCrO powder, to be voids when the material is in the green
state or is sintereA. The diameters of the scatterers are found to be 0.89,
1.1 and 2.1 Um for the powder, green compact and sintered material, respect-
ively. The development of scattering theory to include the effects of refrac-
tion and strong multiple scattering extends the investigation by scattering
to such features as large pores in metals and ceramics, and magnetic domains.
With increased flux and improved instrumentation it should be possible to
follow the process of sintering in real time.

In a quite different type of experiment involving a study of porosity in
a ceramic material, SANS has been used to study the size and surface area of
pores in silica particles used in liquid chromatography [27]. The access-
ibility of the pores in the silica particles has been measured by saturating
samples with an HqO/D2 0 solution whose neutron scattering length density
matches that of silica. Any residual scattering observed under this condi-
tion can be attributed to closed (inaccessible) pores. This technique
should find application in the characterization by SANS of porous silica
supports in metal catalysts. 0.15 Y 08

-1Theory

FIG. 6. Radius of curvature r at Gree State
Q = 0 vs neutron wave length ACfor
circularly averaged scattering curves 0.10
of YCrO in the following conditions:
powder, green state, sintered. Points
are experimental data. Lines are
theoretically derived from the theory
of multiple scattering [26]. 1 he,f0.05-
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POLYMERS

The large difference in the scattering lengths b _T hydrogen and
deuijrium has already been mentioned (b = - 3.7 x 10 m vs b = +6.6 x
10 m). Because of this difference, ýogether with the fact tRat both
hydrogen and deuterium are strong scatterers, it is possible to investigate
a large number of problems in polymer configuration by means of neutron
scattering. Indeed, neutron scattering has proved to be an excellent,
unmatched technique for examining polymeric structures. Typically a fraction
of the chains, or segments of chains in a specimen are made with deuterium
in place of hydrogen. The deuterated material then is mixed with the
ordinary protonated polymer. Measurements by SANS of the radius of gyration
of the deuterated chains in such a mixture settled a long standing contro-
versy regarding the molecular conformation in amorphous iolymers. Are the
chains arranged in random (Gaussian) coils as proposed by Flory and co-workers,
or in quasi-parallel bundles? (See [28].) Such experiments have been
extended to the intermediate Q range in order to examine the local chain
conformation over distances of the order of 1 - 10 nm.

Active areas of research in polymeric structures which are being inves-
tigated by neutron scattering include the following: polymer-polymer inter-
actions in blends (compatibility, morphology of second phase, optimization
of processing), diffusion of polymers, colloidal systems, micelles, response
to deformation (individual chains, crystalline polymers). Interactions in
blends of polymers in which one species is deuterated are examined by SANS
to determine the compatibility of the constituents. Information on the
morphology of two phase blends canbe used to optimize processing variables.
Diffusion in polymers is being measured by noting changes in scattering as
a function of time and temperature from samples prepared by alternating
layers of deuterated and protonated polymers [29,30]. As larger neutron
fluxes become available it will be of great interest to follow the dynamics
of changes in chain configuration during deformation.

PHASE TRANSFORMATIONS

A number of experimenters have taken advantage of the penetrating power
of neutrons and of the large variability in scattering length between
elements with similar atomic number to study phase transformations by
neutron scattering (e.g., [31-33]). An interesting example is provided by
a current study of the precipitation of the w phase in a -III titanium
[34,35]. Fatemi and colleagues have shown that when the solution treated
and quenched titanium alloy is brought quickly up to the temperature at
which 8 transforms to the 8 + w field (i.e., when the transformation takes
place isothermally), the small athermal w precipitates in the as-quenched
material align and cluster into long rods oriented along the [111] directions.
This orientation preference of the w phase is manifested in isointensity
curves on the 2 dimensional neutron detector with a strong 4-fold symmetry.
Upon continued aging the intensity of small angle scattering increases over
an extended period of time but the value of Q at which the scattering is a
maximum remains constant (see Fig. 7). The peak in the curves of scattered
intensity vs Q arises from interparticle interference. Its position gives
an indication of the average interparticle spacing. Fatemi [35] interprets
this period in which the amount of scattering continues to increase yet the
number of particles appears to be constant as a time of "constant size diffus-
ion ripening". During this time the size of the rod-like w particles remains
unchanged but their composition is continually changing via diffusional
transport toward the equilibrium value. As the composition changes the
scattering contrast between the 8 and w phases grows and thus the intensity
of scattering scales upward without a shape change. Eventually equilibrium
is attained, ordinary coarsening begins and the position of the peak in the
scattering curve shifts to lower Q's.
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FIG. 7. Intensity profiles produced by the rod-like w
particles in 8-III titanium held for various lengths
of time at 340 5 C.
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