00bEAHHEHHBIR

&' MHCTHTYT

e g ALEPHAIX
RN e WCCNEL0BAHMA

I AYGHa

T 36 E14-87-662

K.Feldmann

TEXTURE INVESTIGATION
BY NEUTRON DIFFRACTION

Submitted to VII| International Conference
on Textures of Materials ICOTOM 8, Santa Fe,
USA, 20-25 September, 1987.




Introduction

Modern quantitative texture analysis is based mainly on spectroscopic
methods like X-ray or thermal neutron diffraction. The low absorption of neu-
trons by the most of isotopes makes them well suited for bulk texture stu-
dies in large specimen volumes up to L0 amd and more.Texture inhomogeneities
are completely averaged. Therefore, neutron diffraction permits to investi-
gate relatively coarse grained aggregates like those often found not only in
petrofabric problems, but also in selected metallic materials. Furthemore,
complete pole figures can be determined without special preparation techni-~
ques combining reflection and transmission geometry measurements.

At present, texture investigation facilities at various neutron sources
are in operation. Lifferent variants of the conventional angle dispersive
neutron diffraction at stationary reactors are widely used, which are similar
to the well-known diffraction of monochramatic X-rays. In the previous five
years powerful pulsed neutron sources were put into operation (1,2). On this
base the energy dispersive neutron time-cof-flight diffraction could be demon-
strated to broaden the spectrum of problems for texture investigations in the
direction of low symmetric and multiple phase materials (3).

In the present paper a review is given of the commonly used experimental
techniques for neutronographic texture studies. Some non-standard applica-
tions of neutron diffraction for preferred orientation measurenents as well
as potential directions of further development are discussed too.

Remarks on Neutron Diffraction

- In this chapter some aspects of neutron scattering should be remembered,
which may be important in comnection with texture investigations. For more
detail see monographs le.g. (4,5)). . ’

Neutron scattering takes place due to the interaction of neutrons with
nuclei, but also of neutron spins with magnetic moments of atomic electron
shells in the investigated matter. The differential elastic scattering cross-
section consists in general of nuclear and magnetic coherent components as
well as an incoherent part. For texture studies information can be obtained
from the coherent scattering only. The incoherent part as well as inelastic
effects contribute to the background.

For the most of isotopes the incoherent scattering is of low intensity.
It is extremely predominant for hydrogen. Therefore, neutron diffraction mea-
surerents including texture studies at materials containing hydrogen like po-
lymers and biological substances are very complicated. These difficulties can
be avoided using deuterated specimens.

Magnetic diffraction can be expected only if there is -a magnetic order-
ing of any kind in the studied material. In many cases the atomic and magne-
tic lattices coincide. Then, it is difficult to separate the nuclear from the
magnetic component of the Bragy reflection. On the other hand a non-coinci-
dence of magnetic and conventional lattice texture may lead to errors in the
texture analysis.

Neutron diffraction is determined by the Bragg’'s law

A=2dp,, sin8. _ (o¥

There are two possibilities to satisfy this equation for discrete lattice
spacings dh}, 1 leading to two different experinental techniques:

- The incident beam is monochromatic. A Bragg angle variaticn is carried out
{conventional angle dispersive method) .
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~ A polychromatic beam consisting of a certain wavelength spectrum is used at
constant scattering angle 28 (TOF method).

The absorption of neutrons by the nost of isotopes is lower than that
of X-rays by a factor of typically 103 to 104 (,6). Therefore, thick samples
up to an order of centimeter can be investigated even in transmission geomet-
ry. By neutronographic methods the averaged volume texture is studied. Sur-
face effects in general produce no influence.Consequently, the requirements
to specimen preparation are very low.

Generals on Neutronographic Texture Analysis

In neutronographic texture studies complete pole figures can be deter-
mined combining transmission and reflection geometry measurements. Eulerian
cradles or triple axis goniometers having one vertical and two mutually per-—
pendicular axes are used for pole figure scanning. The point net may be an
equal angle, an equal area or even any other one.

Although the absorption for neutrons is low, pole figure data have to
be corrected for beam weakening and effectively irradiated volume at every
sanmple position of the pole figure scan in general. This procedure may be:
avoided without loss in accuracy using spherical specimens (6,7). The absorp-
tion coefficient can be calculated correctly, if the sample is bounded by
parallel planes like rolled metal sheets. In (8) the texture analysis errors
are shown to be significantly less for neutron than for X-ray diffraction.

Furthenmore, the detector opening should be large enough to accept the
full diffraction intensity. Defocusing effects due to specimen rotations with
respect to the primary and scattered beam give rise to strong correlations
between detector aperture, area of the incident beam and permissible sample
dimensions (9).

The large dimensions of neutron beam cross-sections and penetration
depths permit to investigat the bulk texture of volumes up to several do-
zens of cubic centimeters. Thus, with neutron diffraction material having re-
latively large grain sizes, like transformer sheets or geological samples,
can be measured and correlated with bulk properties.

Texture Analysis by Monochromatic Beam Methods

In Fig. 1 the lay-out of a normal angle dispersive diffraction experi-
ment is shown. The monochromator crystal M selects a monochromatic neutron
beam (narrow wavelength band) from the Maxwell-like. energy spectrum outco-
ming from the mocderator of the source. The energy and wavelength of the neu-
tron are correlated by

A=2Th/N2mE", ’ @)
where m is the neutron mass and h -- the Planck’s constant.

The maximum of the wavelength distribution is near to 1.5 2 for common-
ly used moderators. The chosen wavelength of monochromatic neutrons hitting
the sample S determines the scattering angle 2@at which the diffracted
ne:,\trons of the studied lattice spacing d} X are recorded by the detector.

For texture analysis the specimen is kept in a goniameter rotating it
with respect to a pole figure scan. Thus, in such experiment the pole figu-
res are measured point for point and one aftér another.The number of Bragy
reflections,i.e.pole figures,being measurable in this method are confined by

Figure _1. Lay-out of a diffraction experiment using the mono-
chromatic beam technique. M-monochromator, S-sample, D-detector.

the neutron wavelength (Fig. 2) Equ. 1 can be satisfied i
: . . . only for reflecti—
o intersected by the const.-X -line. Y et

The detector opening is dimensionea in a wa to encompass 1 in-
vestigated intensity of the diffracted Bragg peakyfrom the who‘l;etggegﬁénln
area: However, no intensity from neighbouring reflections may be detected. .A
part.la; overlapping of peaks leads to errors which are out of control. This
condition causes -a further confine of -the number of measurable reflections
all the more, since the peaks broaden strongly with increasing Bragg angle
(+0) . This nay be understood from the decreasing angle between the A =const.
line ana the curves representing Bragg reflections in .fig.2, The sin &/A de-
pendence known from X-ray diffraction is not operating in neutron-nucleus
interaction.
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Figure 2. Bragg condition for a
bece-lattice. The horizontal line
represents the angle dispersive
and the vertical one - the TOF
diffraction experinent.

) Theretore, the described neothod is well-suited for texture analysis of
high synmetric single phase materials requiring a relatively low number of
pqle figures. Especi ally convenient is the immediate measurement of pole den-
sity yalues (unnormalized) . The exposition tine for one pole figure point at
a medium re?ctor (RI'R 10 MW, CINR Rossendorf, GDR) varies from 10 sec to i
about. on‘e minute in dependence on scattering characteristics of the sample
and on the pole figuie under investigation.



Figure 3. Intensity distribution measurement along a (hkl)
Debye-Scherrer cone using a vertical PSD.

In practice the required time for a conplete texture analysis measure-
ment of a cubic metal sheet having orthorhombic specimen symmetry (3 or 4
single quadrant pole figures) is of an order of several hours. This is too
long for selected problems. Efforts have been made at the Risg National Labo-
ratory to fasten the measurements using a linear position sensitive detector
\PSD) (11). In Fig. 3 the lay-out is represénted. The PSD is situated perpen-
dicular to the basic scattering, plarte, i.e. e?arch detector increment foxms its
own scattering plane. The Bragg angle is exactly 45° for every ircrement. In
such a geometry the Debye Scherrer cone degenerates to a plane perpendicular
to the incident beam. Thérefore, each detector section records neutrons dif-
fracted at the same angle but representing different pole figure points (sce
Fig. 3). If 28 # 90°, the diffraction cone bends away from the linear PSD.
The data from different detector increments are not comparable. The Bragg
condition is satisfied by wavelength variation of the incident monochromatic
beam. This technique permits the very rapid determination of a one quadrant
pole figure in the range of 7-15 minutes depending on the scattering cross
section of the sample material. This speed has been used to study recrystal-
lization kinetics and other texture forming processes (11).

L]

In materials with low crystal symmetry having a large amount of peaks in
the diffraction pattern the conventional angle dispersive method is not able
to determine the necessary number -of pole figures for ODF calculation becausec
of multiple peak overlappings. This difficulty has been avoided at the ILL in
Grenoble using a PSD which is situated in the scattering plane (see Fig. 4)
(12) . With such an equipment a section of the camplete Bragg pattern is recor-
ded simultaneously. Now a line profile analysis has to be carried out to de-
tennine integrated peak intensitiés being proportional to pole density values.
Several pole figures are measured at the same time. Overlapped reflections
can be separated. Totally coinciding pole figures are considered as superpo-
sitions in the pole figure inversion procedure (13).

But each Bragg reflection in one pattern corresponds to another diffrac-
tion vector, i.e. to another point position in its pole figure. If the pole
figure corresponding to v, in Fig. 5 is completely scanned, all other pole
figures contain blind areas like shown in Fig. 6. For these ranges additional
scans have to be carried out.

Névertheless the described method has opened the possibility for quanti-
tative neutronographic texture analysis in low symmetric materials. Because
of the simultaneous measurement of several pole figuyres the method is nuch
more rapid, than the conventional angle dispersive technique.

T R

{r-kl}1 {hk(}2 {hkl}n

Figure 4. Application of a horizontal PSD to measure the
range of the diffraction pattern.

Figure 5. 1Incident and diffracted
beams and the specimen position with
respect to the diffraction vectors.

Figure 6. Blind areas in the pole figure for the
Bulerian cradle (left) and the triple axis gonio-
meter, -



Texture Analysis by TOF Diffraction

The Bragg condition can be satisfied for various iattice spacings d hk1

at a fixed scattering angle, if the incident beam consists of polychromatic
neutrons. Since there are no wavelength or energy sensitive neutron detec-
tors, the time of flight to go a certain distance is measured to determine
the energy of a given neutron. Pulsed beams must be used to do this. In
Fig. / the lay-out of a TOF diffraction experiment is shown. If a neutron

{hkik, {hkily  {hkily {hktl, {hkiln

Figure 7. TOF diffraction experiment, TA-multichannel time
analyzer, Ll—flight path of the primary beam.

with energy E starts from the source at the moment tg,,it is recorded in
e detector at time t ’

t-t,=T=(Ly+L,) Y2m/E . 3)

The detector signal is stored in a multichannel time analyzer (TA) which is
started synchronously with each pulse emission. Thus, the spectrum of recor-
deds counts is built up in dependence on neutron flight time. The relation
between the time of flight, total flight path and wavelength is given with
respect to equ. 2.
A=T/0B-(Ly+Ly)] p = 2.528x10° sec/m?. 4)
Considering the vertical constant - @ line in fig. 4 representing a TOF ex-
periment, all nonforbidden diffraction peaks are recorded at fixed Bragg
angle simultaneously. The low index reflections are favoured for investiga-
tion, because the neasured intensity is proportional to A4 in the TOF me~
thod, Moreover, the resolution of peaks inproves with increasing wavelength.

In texture investigation cach sample setting results in one point at
the equivalent position in every pole figure under consideration (see
Fig. 7). The pole density values are determined by the line profile analysis
of the corresponding Bragg reflections. Overlapped peaks may be separated,
where the number of separable reflections is strongly influenced by the re-
solution of the experimental equipment being determined mainly by the width
of the neutron pulse and the length of the flight path. Collimation effects
are of less importance.Moreover, the number of separable pole figures is
regtricted by the efficiency of the available fit program and the lattice
symmetry of the investigated sample.

In the TOF method pole figures from all deconvoluted reflections are

6

—r e e S S

measured simultaneously by only one scan. Therefore, the experimental ex-
pense is nearly independent of the required quantity of pole figures, i.e.
the TOF technique becomes more efficient, if the number of necessary pole fi-
gures increases. Consequently, the method is especially suitable for prefer-
red orientation studies in samples havihg low lattice symmetry or in multi-
ple phase materials like those often found in geological specimens (14).

The representation of reflections as well as background by several
points increases the statistical reliability of the pole fiqure data. This
advantage can be used to provide very accurate texture investigations.

In TOF diffraction -extended area detectors and large cross section
beams are available to investigate relatively coarse grained materials. At
the JINR Dubna a 5 x 17 cm® beam is to go into operation, especially, for
preferred orientation studies in metamorphic rocks.

For the determination of pole density values a computer fit of Bragg
reflections has to be carried out. To do it the diffraction patterns must
be nommalized with respect to wavelength independent neutron flux. The
wavelength distribution of the primary beam is reflected by the spectrum of
an incoherent scatterer like vanadium. If the incoherent cross section of

the studied specimen is not too low, in TOF texture analysis the incoherent

part of each spectrum can be used for normalization. In this case the influ-
ences of weakening and effectively irradiated volume as well as possible de-
tector and source fluctuations are eliminated also. Multiple diffraction ef-
fects, which are increasing with increasing path of neutrons in the sample,
remain ‘uncorrected becausé the incoherent scattering does not depénd an_ them.
If this procedure is applicable, the requirements to sample preparation are
decreased furtherly.

Comparing with monochromatic beam methods the TOF texture analysis is
less convenient concerning the amount of experimental data and its handling.
For each sample setting in the order of 103 points of the corresponding
spectrum have to be stored. Pole density values are determined only via li-
ne profile analysis of diffraction pattems. On the other hand TOF diffrac-
tion may be applied to solve a very wide spectrum of preferred orientation
problems.

At the present texture diffractometer of the IBR-2 pulsed reactor in
Dubna (15) the exposition time for one sample setting varies from some mi-
nutes for metals like iron and copper to about one hour for complex low sym~
metric metamorphic rocks. To fasten the measurements similar considerations
may be done as in monochromatic beam. techniques. Using the geometry equiva-
lent to that onec in Risg the detectors have to be situated on a circle
around the primary beam to avoid flight path differences. The application of
discrete counters on the circle segment instead of quasi-continuous PSD di-
minishes the amount of experimental data. Points are measured like shown in
Fig. 3 at equivalent positions in all considered pole figures. Therefore,
the detector positiéns should be chosen with respect to the point net on
the pole figure. The pole figure tilt angle depends on the angle between de-
tector and horizontal scattering plane in a nonlinear way. Consequently, the

-counter areas have to be changed strongly from one to another to ensure

equal pole figurc windows. Up to now, this gecmetry for TOF texture facili-
ties is under discussion only.

A further possibility to fasten the measurement is the application of
several detectors situated in the scattering plane at different Bragg
angles. In opposite to the PSD in Fig.4 every counter records the complete
diffraction pattern. Therefore, the detector positions may be determined
with respect to the pole figure point net in a way to rotate the specimen
only around the vertical gonicmeter axis and the specimen nommal for a com-
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plete pole figure scan. This geometry avaids the strong defocusing at tilting
around a horizonal axis. Pole figure points at.different tilt angles are
corresponding to various Bragg angles. Therefore, a mutual calibration of
them is necessary. At the JINR two detectors are used at present (i6). In the
nearest future the measurements will be carried out with six counters simul-
taneously.

Inverse Pole Figure Measurement

A TOF diffraction pattern consists of all nonforbidden Bragg reflections
of the investigated sample measured at constant scattering geometry. This
means, the information of one TOF spectrum is equivalent to that of the in-
verse pole figure for the corresponding specimen position. Unfortunately, the
available nuwber of separable reflections and their inhomogenous distribution
over the inverse pole figure range complicate sufriciently the procecure of
mathematical texture analysis. The majority of experimental points is situa-
ted on symimetry lines.

For certain crystal symmetries like the trigonal lattice the measure-
ment of inverse pole figqures is not possible at all. Reflections of the type
{hkil} and {khil} are not symnetrically equivalent, although they have the

same lattice spacing. They coincide completely in powder diffraction patterns.

Nevertheless, the constant scattering gecmetry makes the TOF diffraction
well-suited for the observation of texture component formation in in-situ ex-
periments, Fig. 9 shows the behaviour of four low index reflectdons of copper
during the recrystallization process (17). The exposition time of 30 minutes

per spectrum is too long to observe technically relevant processes in general.

Recently, times of less than 1 minute have been reported to observe the re-
action kinetics of hydration of Ca 1,0, at the IBR-2 reactor (18). Such ex-

periment seems to be promising for in-situ texture investigations as well.

Other Applications

The line profile analysis is applied to determine pole figure values in
tHe TOF technique and the monochromatic beam method combined with a PSD in
the scattering plane. The necessary computer program may be used to fit the
position, the height and the line width of the studied peak too. Therefore,
these methods include theprincipal possibility to extract information on re-
sidual stress anisotropy of the investigated sample besides the texture data
from diffraction patterns. Special efforts have to be made to ensure suffi-
cient resolution parameters of the experimental equipment.

A non-destructive method to measure texture at different depths using a
masked off technique with neutron absorbing foils (Gd, Cd) has been proposed
in (19). In (6) a critical discussion has been provided. No further applica-
tions of this method are known. ‘

Attempts have been made to apply neutron diffraction for texture inves-
tigations of the magnetic sublattice in magnetically ordered materials (20).
there are two methods to separate nuclear and magnetic peaks:

- The magnetlc intensity decreases with increasing sin 8/A , i.e. the diffe-
rence in various order pole figures is expected to represent the pure mag-
netic texture part. Corresponding careful experiments have been done wi-
thout satisfactory results. Extinction effects seem to be the reason.

~ The magnetic diffraction can be suppressed completely, if the specimen is
magnetized up to its saturation with magnetization direction parallel to
the diffraction vector. The difference in one pole figure measured without
and with the field, respectively, represents its magnetic component. Of

course,. such experiments are not reproducible. Furthemore, a diamagnetic go-

nicmeter nust be used to avoid strong forces in the saturation field.
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Conclusions

Thermal neutron diffraction is shown td be an efficient tool for bulk
texture analysis via pole figure measurements. The method is applicable for
the most of materials with the exception of hydrogen containing substances,
e.g. of polymers. Neutron diffraction is not an adequate technique to inves-
tigate surface textures and texture inhamogeneities.

At present, a nunber of different experimental methods is in operation.
The conventional angle dispersive technique is widely uscd and most conveni-
ent in data handling.,K Its main drawback is the restriction on the considera-
tion of high symmetric materials. This method permits to solve a wide range
of texture problems in metallurgy and metal physics as well as a number of
questions in petrofabric analysis. The application of one dimensional posi-
tion scnsitive detectors may fasten the rumber of measurenents significantly.
1f it is situated in the scattering plane,low symmetric materials can be in-—
vestigated,too. Some inconveniencdes in pole figure scanning and a-more ex—
pensive data handling procedure have to be accepted.

The nedtron time-of-flight diffraction can be widely used , especially
to investigate low symmetric and multiple phase materials up to rather com-—
plex sample compositions. lt avoids the pole figure scanning drawbacks of
the angle dispersive technique with PSD. The application of discrete multi-
detectors decreases the Lime for measurenents without difficulties in pole
figure scapning.

Very short exposition times in both methods are promising to observe,
the kinetics of texture fomnation caused by external influences immediately.

Magnetic texture stydies are confronted by methodical difficulties up
to now. Further progress remains to be waited for.
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OnpepeneHue TEKCTYpH C NOMOWLID HEWTPOHHOM AWOPaKUMK

B 0BwmuHOM yrno-anMcnepcrBHON AMOPAKUMM HERTPOHOB MCNOMb3YIOTCA MOHOXPOMAaTH™
yeckne HEeWTPOHb . MoNCHHE GMryps CKaHMPYRTCA APYr 3a Apyrom. CTaHpapTHui
BApMaHT 3TOr0 MeTOAA OrpaHMueH MCCNeAoBaHMEM  HeMepekpuBANWWXCA B AWOPAKTO-
rpamMme oTpamenmit, 06cywgaeTcAa MCNoNb30BaHne NO3WUUUOHHO-UYBCTBMTENbHLIX AETEeK-
TOpoB. B HEWTPOHHOM AMGPAKUMM MO BPEMEHW NPONETa MMNYNbLCHuN Genpii Nyuok Hewn-
TPOHOB NO3BONAET U3MEPMTb OAHOBPEMEHHO BCe 6p3rroBcKkue OTpamkeHuA Npu NoCcTo-
AHHOM yrne paccedAHunA. ONMCHBANTCA OCHOBHbE XapakKTEPUCTUKM 3TOro MeToga.
BpeMa-nponeTHan AMOPAKUMA ABNAETCA AAEKBATHLIM METOAOM ANA MCCNEAOBAHUA HUIKO-
CUMMETPMUHBIX MMM MHOrOGa3Heix 0B6pa3yosB, B UACTHOCTH, FEONOrUYECKUX MaTepuanos,
Tpebyoumux 6oNbWOro YMCNa NOMIOCHBX (MIryp ANA MAaTEMAaTUUECKOrOo TEeKCTYpPHOro aHa-
naa. OgHospemenHoe n3MepeHue Bcex BparroBCckux OTpPameHWM COOTBETCTBYET WH-
popmaLmm o6paTHOW NONKCHON ¢urypei. TNpu ycnosun Maneix BpemMeH U3MEpeHWid 3TOT
NoAXOfA MOKHO MCNONL30BATb ANA MCCNEAOBAHMA PA3BUTMA TEKCTYP BO BHEWHWX B3an-
MopencTemAx. C NOMOWBK MAarHUTHOrO MOMEHTA HENTPOHA M3YYANTCA MArHWTHbIE
aHnM3oTponun B8 Matepuanax. 06cywaanTcA ABAa pa3nUuHLX MeTOAA.

PaboTa sbinonHeHa B Jlabopatopum HeHlTpoHHOM ¢n3nkm OUAKU.
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Texture Investigation by Neutron Diffraction

in the conventional angle dispersive neutron diffraction a monochromatic
neutron beam is used. The pole figures under investigation have to be scan-
ned one after another. The commonly applied angle dispersive method is limi-
ted to the consideration of Bragg reflections being isolated in the diffrac-
tion pattern. The application of multidetectors or position sensitive detec-
tors is discussed. In the neutron time-of-flight (TOF) diffraction a white
pulsed neutron beam allows one to satisfy the Bragg law for all lattice
spacing at a fixed scattering angle. The main characteristics of the TOF
diffraction experiment are shortly outlined. in this method all non~forbid-
den Bragg reflections are recorded in one pattern simultaneously. The TOF
technique is well-sulted to study fow symmetric or multiphased specimens,
especially geological materials, requiring a large number of pole figures
for mathematical texture analysis. Multidetector systems can be used to
shorten the necessary time for experiments.

The registration of all Bragg reflections of fixed scattering geometry is
equivalent to the information of the inverse pole figure for the correspon-
ding sample position. Having short exposition times this approach can be ap-
plied for in-situ investigations. The magnetic moments of neutrons can be
used to study magnetic anisotropies in materials. Two different techniques

are discussed.
The Investigation has been performed at the Laboratory of Neutron Physics

JINR.
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