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ABSTRACT

Title of Thesis: The Determination of Preferred Orientation
in Rolled Electrical Steels Using Single
Diffraction of Neutrons

Manuel R, Hugenio, Doctor of Philosophy, 1963

Thesis directed by;‘ Professor Dick Duffey

Preferred orientation in rolled electrical steels has
been determined using single diffraction of neutrons from
the University of Maryland pool-tyne nuclear reactor (UMR)
operating at 10 KW thermal.

X-rays are used extensively to determine preferred
orlentations in metallic wires and rolled sheets, but
X-rays suffer the disadvantage of high absorption and
cannot be used effectively on thick samples without che-
mical or mechanical treatment which ultimately results
in the destruction of the samples. The use of reactor
neutrons for this purvose is believed to offer particu-
lar advantages such as the use of thicker samples and
wider beams., To this end, neutrons from the UMR were
scattered directly from metallic sheet samples to obtain

diffraction patterns from which preferred orientations

of the crystallographic axes could be deduced.
The neutron diffraction data were obtained in the

form of ; 1) Maxwellian curves; and 2) rocking curves.




To obtain the first tyve of curve, the sample and neutron
detector were rotated at a 1l-to-2 angular ratio, respec-
tively, and the diffraction pattern was essentially the
Maxwellian neutron energy distribution. From the maximum
of the Maxwellian curve, the crystallographic nlane main-
ly responsible for the reflection was calculated; from
this, the main orientation was deduced. For the second
tyre of curve, the sample was rocked back and forth, with
the neutron detector fixed, and the resulting pattern was
used to infer the variation of a given crystallogranshic
direction about its main orientation.

The results of this study, particularly on grain-
oriented and cube-textured silicon-iron (Si-Fe) alloy
sheets demonstrate that single diffraction techniques
can be used to determine oreferred orientation in highly
oriented meateriasls. The results on Si-Fe sheets described
as non-oriented indicate the possibility that these tech-

niques may be apnlicable to ordinary rolled metallic

sheets which are not highly oriented.
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CHAPTER T
INTRODUCTION

According to Poasl, a material with a marked degree
of preferred orientation of its constituent crystals shows
the anisotropy characteristic of a single crystal of the
Same mgterial. Such being the case, a highly orlented
materigl should behave somewhat like a single crystal as
far as neutron diffraction oroperties are concerned.

Polychromatic or "white" radiation can be diffracted
from single erystals because, from among the different
wavelensths oresent in "white" radiation, a single wave-
length can generally be found which will satisfy Bragg's
Law (to be discussed later) and radiation of this parti-

cular wavelength will be coherently scatterred from the

single crystal. Therefore, if "white" radiation is used.

on a materigl with a measvrable degree of preferred orien-
tation, the diffraction pattern should approach that of

a single crystal,--the aporoach should be closer, the

freater the degree of nreferred orientation.

The diffraction of polychromatic radiation directly
from a given samnle is called single diffraction, to dif-

ferentiate it from the method of double diffraction



(or double erystal diffraction) wherein a monochromatic
beam is produced by diffraction from a single crystal
monochromgtor and subsequently diffracted from the given

Sample.,
Briefly stated, this thesis deals with the determi-

nNation of preferred orientation in rolled electrical
steel alloys by means of single diffraction with neutrons
from the University of Maryland nuclear reactor (UMR) ,
licensed for operation at 10 KW thermal.

Preferred orientation is important in electrical
sheets because metal crystals are anisotropic with res-
pect to magnetic properties, l.e., magnetic rermeabili-
ties are greater in certain crystallographic directions,
such as the 1-100_7 direction (Using the notation of

Miller indices) in pure iron or in silicon-iron (Si-Fe)

alloy, 3% silicon. Specially oriented materials such

as grain-oriented Si-Fe alloys and nickel-iron (Ni-Fe)
alloys are now being manufactured on a large commercial
Scale, and recently, the advent of cube-textured Si-Fe
sheet promises further advances in the technology of
transformers and similar electrical equipments.

Two ways of determining preferred orientation are:

1) The orientation of individual grains can be
determined; or,

2) The average orientation of a large number of

grains can be measured at once to give the statistical



distribution of the crystal axes. It is this statisti-

cal average which was measured in this investigation

rather than the orientaion of individual grains. This

wWas made possible orimarily because of the relatively

large area covered by the neutron beam, and also because

of the penetrating character of neutrons.



CHAPTER ITI
REVIEW OF THE LITERATURE

A. X-Ray Diffraction Methods2. There are three

princival methods used in X-ray diffraction studies:

1) The I.aue Method, wherein g beam of poly-
chromatic, or "white", radiation (also called general
radiation) is diffracted from a single crystal, resulting
in a pattern of spots which is usually recorded on g pho-
tograph;

2) The Rotating Crystal Method, wherein g
monochromatic beam of X-rays is incident on a single
Crystal which is made to rotate, or else made to "rock"
back and forth, resulting in a pattern of spots which
1s vsually recorded on photographic film placed at s
distance around the crystal target; and

3) The Debye-Scherrer Powder Method, in which
a monochromatic beam of X-rays is scattered by a powdered
Sample giving rise to concentric rings which may also be

Dhotographed. The diffraction rings are due to the pre-

Sénce of crystals which are oriented at just the right

angle so as to satisfy the Bragg condition for a given

(h,k,1) plane; h,k,1 are the Miller indices.



As an alternative to the use of photographic film,
a spvectrometer may be used, consisting essentially of a
detector for ionizing radiation which can be rotated

about the crystalline sample to show diffraction opeaks

where a spot or part of a ring would show correspondingly

on a photograph.

B. Neutron Diffraction. In 1936, neutron diffrac-

tion was demonstrated by Mitchell and Powers3 with g
Radon-beryllium (Rn-Be) source of about 600 millicurie
strengthh and sixteen magnesia (Mg0O) single crystals.
The source was encased in a paraffin howitzer, and ther-
mal neutrons were reflected by the Mg0O crystals at a
Bragg angle of 22° into an ion chamber which was boron

trifluoride filled in the first run and boron carbide-

lined in the second and third runs. When the crystals

were tilted away by about 25°, the observed count rate
was significantly lower, by about 10%.

Halpern, Hamermesh, and Johnson® discuss the theory
of neutron scattering from crystalline material, as well
as the effects of magnetization on neutron scattering.
According to them, neutron scattering may be coherent or
incoherent. Coherent scattering is that wherein the
wave character of the scattered radiation bears definite
phase relationships with one another and hence, undergo
constructive or destructive interference which results

in diffraction. For incoherent scattering no such phase



relationships exist.

The results of Whitaker and Beyer6’7 on neutron
Scattering from single crystal and polyerystalline iron
are also exnlained by Halpnern, Hamermesh, and Johnson.
The measured total scattering cross section from single

crystal iron (Fe) is smaller than that from polycrys-

talline iron ( Ugingle crystal = 7 barns compared with

Ypolyerystal = 12 barns); this is because only those
neutrons of the Maxwellian distribution whose wavelengths

satisfy Rragg's Law were coherently scattered from the

single crystal. These form but a small fraction of the

total number of neutrons; hence, most of the scattering

from the single crystal is incoherent. For both single

erystal and polyerystal, O = Ogoherent 7 C’?meoher-ent,
but T eohevent for the single crystal is very small,

while Uwohepent for the polycrystal is relatively large;
therefore, the difference Upolyerystal = “single crystal

= 5 barns represents the coherent scattering cross-section
of iron.

In a study by Nix, Reyer, and Dunning8 who used neut-
rons from a Rn-Be source in a paraffin howitzer, it was
found that the difference in neutron transmission through
fully annealed and quenched nickel-iron (Ni-Fe) alloys
shows a broad hump at a composition of 75% Ni (corres-

ponding to NijFe) indicating a high degree of order at

this composition. Cold-working decreased the neutron



transmission, which is consistent with the interpre-

tation that cold-working destroys ordering in the alloy.
A Radium-beryllium (Ra-Be) source (200.5 mg of ra-

dium and 8.0 mg of beryllium) was used by Nix and Cle-

ment? to measure the effect of grain size on total

Scattering cross section by transmission. The metals

studied were conper and iron, the grains of both of

which were randomly oriented. It was observed that the

Cross section decreased with increasing grain size.
This was believed due to the higher number of crystal-

lites reflecting neutrons when the grain size is small,

resulting in more coherent scattering.
In 19Ll, a single crystal monochromator was built

by 2innl0 for uge with the University of Chicago, Ar-

gonne National Laboratory heavy water reactor. The

Néutrons were reflected from the (100) planes of a large
caleite (0ac0-:) single crystal and detected by a boron
trifluoride (BF3) proportional counter enriched in Blo,

5 in. in diameter and 60 cm. long at a pressure of )0

Cm. Hg, with an efficiency of nearly 100%. Spectra of

the thermal column beam and the direct reactor beam were

Obtained and compared with theoretical Maxwellian curves

calculated by Goldberger and Seitzll., Their equation

for the integrated intensity of neutrons reflected from

8 thick crystal is:



where Ng

®
~
i

©
o
1}

¥, =
T =

W”/&K/ (—_-
2sin29B koT

Np
Ny

net neutron flux per unit time reflected

S)%e” &/k,T (1)

from the crystal;

net intensity of incident neutron beam,

neutrons per second;

crystal structure factor;

= wave number;

Bragg angle;
neutron energy;
Boltzmann's constant;

neutron temperature.

The neutron temperature of the direct reactor beam

wWas calcula

ted to be T = LOO°K.

Sturm12 ugsed a single crystal monochromator system,

Similar to

different m

that of ZinnlO, to measure cross sections of

aterials. He assumed that his neutron detec-

tor had a 1/v sensitivity and used the following theore-

tical equat

Rn =

where R

ion to fit the Maxwellian spectrum:

c/gn/nK1 csc e exp[--c{gcsczé_7 (2)

crystal reflectivity (reflected intensity);

order of reflection;

glancing angle;

arbitrary constant;



Kl = 2W7dh
= R 4 mgd Y 250/
ay = ; Fd ‘75-7 exp/ 27fi(h1xj%h2yj%h323)n_7
> n{( 21/ay) 2n?
G Buk T

d, = interplanar distance;

mass of neutron;

=
"

scatt. cross section of the jth atom in the

0.
]

unit cell;

Boltzmann constant;

b
1

QO =-
T = average neutron temperature;

hy, hp, h3y = Miller indices;

Xjs Vjo 25 = coordinates of the jth atom in the
unit cell, in multiples of the lattice
constant, age.

The (100) planes of a large calcium fluoride (CaFy)
erystal were used by Fermi and Marshalll3 to monochro-
matize neutrons coming from the Argonne Laboratory heavy

Water regetor through a 1/2 in. wide by 1-1/l. in. high

Collimator, The monochromatic beam was used to determine

the sign of the scattering amplitudes of different ele-
ment g by diffracting neutrons from alternate monoatomic
erystal planes, e.g., (111) planes of sodium chloride
(Nag1l), 1he scattering amplitude is relested to the seat-

tering eross section, thusll:

% (3)
g = 6L79[
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where 0, = scattering cross section;
f = scattering amplitude.
Given a crystal consisting of two atoms A and B, 1f

the sign of the scattering amplitude of A is the same as
that or B, then the even orders of diffraction from al-

ternate planes of A and B will show strong reflection and

the o0dd orders will show weak reflection. This is because

in the former case, the net amplitude will be equal to the

Sum of the two amplitudes, in the latter case, the net
amnlitude will be equal to the difference of the two am-

plitudes,
Fermi, Sturm, and Sach315 measured the scattering

Cross sections of polycrystalline beryllium (RBe) and be-
rylliag (Be0) as a function of the neutron energy with g

Mechanical veloecity selector (slow chopper) and a lithium

Tluoride crystal spectrometer. The collimated neutron

beam wgg 3/l in. x 3 in. with a Maxwellian peak at about
0.0l ev, The scattering cross-section varied as X

between cut-offs (where the cross-section drops down

abruptly to a lower value) at A = 2d, where A = wave-

length and q - inter-nlanar distance, In agreement with

the theory for Debye-Scherrer diffraction. The peak

intensities showed that the scattering amplitudes for

beryllium (Be) and oxygen (0) have the same sign.
Values of scattering amplitudes were obtained by

Schull and Wollanl6é for different elements and nuclides
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from Debye-Scherrer patterns of vowdered crystal samples

of elements or compounds. Scattering amplitudes were gl-

30 measured by mirror reflection or by comparison with

Ordinary hydrogen (H1) whose scattering amnlitude is

known, The scattering cross sections so obtained were

compared with calculated values of potential scattering
Cross sections and deviations from these were attributed

to the oresence of resonances at higher energies. The

potential scattering cross section is given bylu':

2
o, =47k, (1)
Pe.
Where Ry = radius of the scattering nucleus.
Lowdel7 describes the use of single diffraction to

Obtain better resolution in single crystal studies. The

disadvantages of the Debye-Scherrer powder method, which
is o double diffraction method, are poor resolution and

& high incoherent background which may be larger than

the Significant counting rate. In 4ingle erystal stu-

dies using double diffraction, a high intensity of the

Monochromatic beam is required because of the appreciable

eXtinction in single crystals. According to Bacon and

Lowdel8, oxtinction is the reduction of the ineident in-

tensity due to diffraction.
Rocking curves of small crystals of sodium chloride

(Na01) and naphthalene (obtained by rotating the crystal
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Samnle with the detector fixed) are given by Lowdel7 and
a8ccording to him, the intensities obtalned were about

ten times what would normally be obtained from powdered

Samples of the same material. For the NaCl, (200)=-plane

Tocking curve, the angular resolution was slightly less

than 1,59 (width at half maximum).

Comprehensive surveys of different anmnlications of
Deutron diffraction are given by Wollan and Schulllg,

MCReynoldsao, Sidhu, Heaton, and Muellerel, and Hastings,

Eliott, Corliss, and Ha.milton22.
Neutron diffraction has been apnlied to the investi-

gation of preferred orientation in a bar of uranium by

Laniesse, Merrill, and Englander23. A cylindrical metal-

lic uranium specimen of about 5 cm.3 was used to diffract

& monochromatic beam of neutrons from the EL-3 reactor

at the Saclay Laboratory, Paris, France. A specimen ex-

truded in the alpha (<)-phase showed a marked {7110 7
texture in the direction of extrusion; a similar annealed

Sprecimen in the beta (/# )-range showed only a weak degree

of preferred orientation.

C. Hlectrical Sheets. The use of silicon iron in

transformer sheets was reported by Gumlichel in 1912.

Studies at that time showed that silicon alloys possess
high electrical resistance which results in lower eddy

Current losses as well as lower hysterisis loss and
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higher permeability in low magnetic fields as compared

With ordinary iron. Gumlich found, however, that these

Proverties are not in direct proportion to the silicon
content and that the improvement in such properties ceagse

at about |4 silicon content.
GossZS, in 1935, reported on the development of g

3-3.5% silicon strip with superior magnetic and elec-

trical properties for use as electrical sheet. This was

Produced by a combination of cold rolling and heat treat-
Ment, in the following sequence: a slab of 3% silicon
1ron was hot-rolled to strip form, heat-treated at around
1600°F ¢1therp by box annealing or by heating in a conti-
Muous electric roller hearth furnace, cold-rolled to an
intermedigte gage, given a rapid heat treatment at 1600-
1800°F%, and then cold-rolled to gage, usually 0.0125 in.
Finally, the strip was given a rapid heat treatment at
about 2000°F in an electric roller hearth furnace, After
Cutting to proper size for use in electric machinery, it
Was given a stabilizing heat treatment which improved
the electrical and magnetic properties and prevented
8ging of the material.

Goss examined his material with X-rays using the

Laue method and concluded thet it was fine-grained and

Tandomly oriented. This conclusion was disputed by

Ruder26 who found preferred orientation and fairly large
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grain size in the Goss material. Ruder believed that

the X-ray method was not reliable because of the large

€rain sige,

Subsequent X-ray examination of the Goss strip by
Bozorth®? showed that it had a predominantly (110) / 0017
Preferred orientation; i.e., (110) planes parallel to the

rolling plane, / 001_/ direction parallel to the direc-
tion of the rolling, and the / 110/ direction parallel

to the Cross-rolling direction. This orientation is
also referred to as the "cube-on-edge" orientation, and

the grains as "Goss-textured," "singly-oriented," or

"8rain-orfented." on the other hand, grains with (100)

1—00147 orientation are referred to as "cube-textured",

"cube-oriented," or "double-oriented." In cube-oriented
8ralns the (100) planes are parallel to the rolling

Plane, and the / 001/ direction is parallel to the rol-

ling direction. The "cube-on-edge" and "cube-textured"

8raln orientations are illustrated in Fig. 1.

Bozorth employed the Debye Scherrer method, using
Characteristic molybdenum K- X-rays of 0.710 Angstrom
(a) wavelength. The grain size of the specimens exa-
nined wag not very small compared with the X-ray beam

CPOSS—section; hence, composgi te data were obtained from

Severg] rhotographs. From the lengths of the Debye-

Scherrer arcs so obtained, it was concluded that the
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Normal to the (110) planes deviated as much as 8° toward
the rolling dircction and as much as 15° toward the
Cross—rolling direction.

According to Bozorth, Goss misinterpreted his X=-ray

data because the latter did not rotate (or "rock") his

Speécimen, @oss! X-ray orocedure was to move his specimen

by translation in order to get a composite picture.

Burwell28 also examined the Goss electrical sheet

by means of Lauve X-ray diffraction using unfiltered

"whiten
at 37 Kilovolts (KV). Pole figures2, which are topogra-

radiation from a molybdenum target tube operated

phical drawings indicating the relative frequency of the
°rystallographic directions in different orientations,

Showeq g (110)[-001_7 preferred orientation with most of
the crystais deviating from the rolling direction by less

than 119 ang from the cross-rolling direction by not more

than 2po0,
Decker and Harker26 have presented a theory to ex-

Plain the predominantly (001)/ 110_7vreferred orientation
in grain-oriented silicon steels after cold-rolling and
the (110)[’001_7 orientation after subsequent annealing.
They differentiste between "lamellar' deformation and
"comp ex deformation of grains during rolling. In the
former type of deformation, the grains rotate without

breaking; in the latter type of deformation, the grains
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£

fragment under pressure of rolling.

According to their theory, "complex" deformation
Occurs during rolling in those grains whose slip planes
are Symmetrically placed with resvect to the rolling
blane gng rolling direction; i.e., those grains in the
(001)["110_7 and (110)/ 001./ orientations. WMost of the
greins which are not symmetrically oriented will deform
lamellarly into the (001)/7110_/ orientation. When "com-
Plexi deformation takes place, grains in the (llO)[-OOld7
or "magnetid'orientation will receive more energy than
Eralns in other orientations because the (110)/ 001_7
Erains are less favorably positioned with respect to the

Plane of greatest shear stress (which is ASO to the rol-

ling plane), Hence, uvon annealing, nuclei will form

Tirst from the remnants of such grains, and eventually
8Tow into large grains at the expense of their less

Straineq neighbors. This growth process has come to be

known 45 secondary recrystallization.
According to Dunn30, grain boundary energy plays an

Imvortant role in the growth of secondaries. TImpurities

Such gag mangasnese, nitrides, and silica are believed to
affect the grain boundary energy and hence, influence the

Telative growth of the oriented grains3l’32’33.

Silicon-iron single crystals have also been rolled

and attempts made to correlate the initial orientation
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wWith the recrystallized orientation. Walter and Hibbard3h

observed that if the crystal's cube plane, i.e., the (100)
plane, was originally within 30° of being parallel to the
rolling plane, then the recrystallized texture tended to

be (100)/ 001_7, but if the (110) plane was nearly varal-

lel to the rolling plane, then the recrystallized grains

Were most likely to be (llO)ZFOOIJZ-Oriented.
As mentioned nreviously, preferred orientation is

Important in electrical sheets because of the resulting

effect on their magnetic promerties. Single crystals show

marked anisotropoy with respect to magnetic nroperties35.

Magnetization is easiest in certain crystallographic di-

rections and more difficult in others. For example, the

Magnetization curve (magnetization M in gauss vs. magne-
tic fielq strength H in oersteads) for iron is highest
in the /71007 direction which is parallel to the cube
edge. The /71107 direction, parallel to a face diagonal,
is a more difficult magnetization direction, and the

ZP111_7 direction, parallel to the space diagonal, is the

most difficult. In nickel, the order of magnetizing ease

is the /1117, £ 110,/ and / 100/ direction.

The directions of magnetizing ease in single crytals
of 3,85% Si-Fe were investigated by Williams3® who showed

the markeq anisotropy of a single crystal even at low

Magnetizations. He cut single crystal specimens in the
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form of hollow parallelograms oriented along the different
crystal axes, wound each specimen with orimary and secon-
dary coils, and measured the resulting flux. As in pure
iron, the direction of easy magnetization in Si-Fe is
along the cube edge.

Nickel-iron (Ni-Fe) alloys of avproximately 50% Ni
Comnosition are finding increasing use as transformer
laminations, particularly in high frequency applications

and in high-fidelity eqnipment37. When specially pro-

cessed, such alloys develop a cube texture, and a rectan-

gular hysteresis loop.
Sachs and Spretnak38 obtained X-ray diffraction pat-

terns of a 367 Ni-Fe alloy and inferred a cubic texture

from /7111 7 and 1—20047p016 figures. Spring39 reported

the development of a 2-mil cube-textured 50% Ni-Fe alloy
at Allegheny Ludlum Steel Corve., based on a modified
German process. According to Seymour and Harkeruo, the

(112) /114 7 and (110)/112_7 orientations predominate
in cold-worked 2-mil 50% Ni-Fe, but after recrystalli-

Zation at 500°¢, the (001)17100,7 cube-texture developed,

With a moximum spread of 10° from the rolling plane and

rolling direction. Littmanhl:uz reported on the cube

texture of primary recrystallized Armco L8 Orthonik in

thicknesses of 1-mil, %-mil, and $-mil, as observed from

£7200_7 and /111 7 pole figures.
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Lattice spacings of 50% Ni-Fe are given by Phrag-

ment3 and Bradleyltlt: the lattice constant, or side of a

cubie unit cell, 8, = 3.56 A. The structure is face-

ceéntered cubic at this Ni-Fe composition.

The lattice constants for different compositions of

body-centered cubic Si-Fe are given by Greiner, Marsh

At 3.5% Si, ay = 2.857 A. Most silicon

The lattice constant for

and StoughtonltS,

Steels contain about 3% Si.
PUre Fe at 200¢ is given by Sutton and Hume-Rotheryl6 ag

8 = 2.860L A.



CHAPTER III

CRYSTAL DIFFRACTION THHORY

A. The Laue and Bragg Equations. If, as shown in

W
Fig. 2, o beam of coherent radiation is incident upon g

One-dimensional lattice (a 1line) of scattering points at
an angle &X,, the scattered radiation from the different
Scattering points will interfere with each other such

that constructive interference, or reinforcement, will

OCcur gt angles C according to the following equationu7:

m A = ag(coscC - cos X, ) (5)

a constant;

Whepre my

A

8, - distance between scattering points.

radiation wavelength;

This Phenomenon of interference between scattered ra-

Uation 15 known as diffraction.
For a two-dimensional lattice (a plane) of scatter-

ing Points, such as the square lattice shown in Fig. 3,

i+

he following equations hold:
my A
M27L

- cos X, ) (bwa)

) (6=b)

ag(cos

ao(cos// - COS/”’o

W,
here M) and my, - constants;

85 = distance between scatterers;

20
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oC, and/% = angles of incidence of the radiation
with respect to the x and y directions;
aC and./5 - angles of reflection of the radiation

with respect to the x and y directions;
and for g three-dimensional lattice of scatterers, such

48 a cubie crystal:

my | = ag(cosx =~ cos X, ) (7-a)
mp, A =z a,(cosfB - cos /% ) (7-b)
m3 A = ay(cos Y -cos ¥ ) (7-c)

Where &, s 5 , and Y, = angles of incidence with respect
to the x, y, and z directions;

X, /, and VY = angles of reflection with res-

pect to the x, y, and z directions.

These gpe known as the Laue equations.

Squaring the three Laue equations and adding them

together results in:

Z /s 7 o /
(m* 4 mS 4 MmN = a) [(cosTeC # ol ahaad ¥ 2 (cos O cos o
’ o

~/~4nﬁcw/)"7 B )/car)gj_/.- [nn"o(o # €ox 1/’«; o w‘?l)gz/' (8)

The different cosines are, in effect, the direction

Cosines of the incident and scattered radiation; hence;
>, -

cosla £ cos%ﬁ’ 4 cos“V =1 (9)

by cos2Qg # cos%/i # coszzj =1 (10)

Ea. (8) therefore reduces to:
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('77‘7._,”)1_ - * - “F / o & e d
/ DT e, T )T = a, 2 —~ Z[ers & cos o

e w;/an/Jz) S~ LS /cwf )g )_/

(11)
From vector algebra, we know that
COSX cos o, £ cosk cos/i, # cosVcos) = cos 28 (12)
Whereg 2 8 = the angle between incident and scattered
Tadiation, Therefore,
mZ £ m2 £n2) A2 =2 a2 (1 - cos 26) (13)
2 2 0]
But
cos 2060 = 1 - 2 sin‘® (1h)
Whence,

(07 An3 £n2) 22 =4 a2 sin’ (15)

Ir my, mp, and m3 have a common factor n, we hgve

2
n?h2 £ k2 £ 12) 22 = 4 a2 sin% (16)
Whereg h, ¥, and 1 are integers; or,

2 a,
n\ = sin 6 (17)
Tn? f62 ¢ 12
Eq. (17) is Bragg's equation:
n/A =2d sine (18)
With
a'O
d = (19)
70 £ k% 4 1°

To relate d with the distance between successive

Planes iy a crystal, we note that the equation of a plane
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a a
25 and.ﬁrgis given by

With intercepts _ o,
el

(20)

hx £ ky £ 1z = 2,

h, k, and 1 are called Miller indices.
The distance between such a plane as gilven by Eq.

(20) and a plane parallel to it and running through the

°rigin of the eoordinate system is:

%o

7"}12 £ k2%12 (21)

"hich isidentical with Eq. (19).
fence, for radiation of a given wavelength A, we

¢an caleculate the EFragg angle of diffraction (or re-

flection) from planes with the Miller indices (h,k,1).

Be The Crystal Structure Factor. The intensity of

incoherent scattering from a disordered group of atoms

(or Muclei, in the case of neutron scattering) may be

®Xpressed in terms of the scattering cross section:

I=-INOg (22)
Where 1 intensity of scattered radiation;
I, = intensity of incident radiation per unit area;
N - number of atoms;
Ty scattering cross section.

%]
i

Analogous to lg. (22), we have for the case of cohe-

rent Scattering from a crystal, the relationshipuB:

I,.R? = I,7/2F2 (23)
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Where Ip = reflected intensity at distance R;

= Incident intensity;

~
o
1

72 ¢ = number of unit cells in the crystal;

F = erystal structure factor.

gg. (23) assumes negligible extinction; the effects of

eXtinetion will be treated later. As stated previously,

extinction is the attenuation of the incident intensity
due to reflection by successive planes. The effects of
Imperfections in the crystal and a finite spread in the

WaVelength A are also neglected in Hg. (23).

The crystal structure factor F, which relates the
Coherent scattering from a unit cell to the contributions
from egch individual atom, or nucleus, in the unit cell,
"111 now be derived.

The scattering from an atom et the position x, y, z

is related coherently with that from an atom at the ori-

gin by the phase factork?s48 eié:

275 )
-3 (2ly)

Where g difference in path length between radiation
scattered from an atom at X,y¥,z and that
scattered from the origin;

A= wavelength of scattered rediation.
The distance s can be shown to belt7;

(25)

s = 2rsinecosd
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where r . gigtance from the origin to the atom at x,y,z;

® = RBragg angle;
ngle between r and the perpendicular from the

g =
origin to the plane (h,k,1) passing through
XyVsZe B
Also, r = /22432 f 22 (26)

Substituting Eqs. (18), (19), (25) and (26) in

Ba. (ay).
PR e
S,-b- = ’2/7"//1, _)/,, ./;Z“/___}/Xz/.jz./él. (;(.J}A (27)
But
7//1 f__/_{_ 7/x f] T uz;r¢ (:/‘ ;’*) (28)
and
> ” - .
“(xi #yj # zk) (29)

(%)' (hl # kJ £ lk)

or
-
(Pr =bx A ky £ 12 (30)
Write; X = gpx! (31-a)
N = aoy‘l (31"'b)
zZ = ayz! (31-c)

to Obtain, finally:

$ =27n /nxt Ayt A1zt (32)

Let E, be equal to the anplitude of the radiation
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1 .
Neident on the jth atom, and Ej be equal to the ampli-

radiation scattered from the same atom, as

tude of the
Measured gt point R. Thenu8,
B, f, eiﬁj
El = JR (33)
0 J

scattering amplitude of the Jjth atom;

27n [bx} £ Ky /£ 124 /
distance from jth atom to the point where the

Where £; =
8

Ry

scattered amplitude Ej is measured,

Note that if the scatterer were situated at the ori-

&in, Bg. (33) would reduce to:

B AR -
(34)

The resultant amplitude, Be,s due to scattering from

th
® unit cell will be given by:

B, = ;jv E (35)
or, Substituting iq. (33):
£, o
= . C (36
B, = &, zj Rj )

Assuming that the distance Rj is very large relative

£
© the dimensions of the unit cell, we can re-write the

ab
OVe equation as:

E
L Rgo e ip; (37
EC - R J fJ ¢ J )

OI"



27

(38)

Where m = crystal structure factor. Compare kg. (38)

with gq, (3ly) which was derived for the case of a single
atom located at the origin of the coordinate system.
From Eqs. (37) and (38):
p= 2 r, ol (39)
: J
J
04 uding Bq. (32):

PR e 1 v
J

The Crystal structure factor F is thus equal to the sum
Oof the different scattering amplitudes multiplied by
their Tespective phase factors.

Using &g, (LO), the following rules can be easily
derivedlsh7:

a) For body-centered-cubic monoatomic crystals,
Fz2r rop scattering from planes in which n(h £ k £ 1)
18 an oven number,--such as the (110), (200), and (211)
Planes; and F » 0 otherwise;

b) For face=-centered-cublic monoatomic crystals,
Fzur rop scattering from planes in which h, k, and 1
A€ all 0dd numbers or all even numbers,--such as the
(111), (200), and (220) planes; and F = O otherwise.

These two rules slso hold for substitutional alloys
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In a disordered state. Rule (a) will be illustrated by

Means of the silicon-iron alloy (3% Si and 97% Fe) used

in thig investigation.
The body-centered-cubic unit cell consists of two

atomg located as follows (See Fig. l):

atom 1: x1 = 0, Y]_::O, z3 =0
abom 25 %, =% ¥, 520 ms 270
2 2 ’ 2 2’ 2 2
Therefore, x] =y] =21 =0 (4i1-a)
1 1 = Z’ o X
B SRR TR (41-b)
Substituting these values in iq.(40):
27in/0/
0
¢ = 0.7 £y, o707 £ 003 15
. rh kK 1 -
K 1. 7in/ = - =
2min[8 £ 5 £ 3] 4003 £y 2T 2F2A3T

#1097 fg, (42)

Where fFe and fSi are the scattering amplitudes of iron
and 811icon respectively.
Zq. (42) simplifies to:

7in/hfk Al
F = (0.97 fp, £ 0.03 fSi)(l £e o ']) (43)

from whjop it can be seen that F = 2(0.97fpe # 0.03fgi)

When n(h £ i A 1) is an even number,-=-such as the (110)
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(200), (211) planes; and F = 0 otherwise.

Slow neutron scattering is isotropic,-- the nuclear
dimension is very small compared with the neutron wave-
length. This is not so for X-rays which are scattered
from the atomic electrons whose distances with respect to
€ach othep (or with respect to the nucleus) are compa-
Table 4n Mmagnitude to X-ray wavelengths usually employed.
Hence, the scattering amplitude for X-rays (which is al-
ways Positive and 1s a monotonic function of atomic num-
ber Z) must include the "atomic form factor" which is

tabulated or graphed for different elements as a function

°f sing/)y ,

Ce The nffect of Crystal Reflectivity on Neutron

Qizizggzigp Intensities.

Teactor core is described by the Maxwell-Boltzmann dis-

The neutron density in the

tl"ibution:

A
M(v) = g% = Cq v2 e“(v/vo) (L)

Wherg M(v) = dn/dv = neutron density per unit velocity

interval;
V = neutronvelocity;

- Vos the most probable velocity 1s given by:

1/2 mvg = XT (45)

Where n mass of the neutron;

k = Boltzmann constant;
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T = neutron temperature.
According to HUghesug, the intensity of neutrons

ineci
Cldent on g crystal sample is proportional to the neut-
neutron density, neutrons/cm3

t
ron flux # = nv, where n =
and v o nevtron velocity, cm/sec. Therefore, the flux

distribution incident on the crystal is given by:

2
#v) = & = o w3 em(V/%) (16)
v
In terms of wavelengths, since
7\‘ = h (h?)
- mv
N A\ = wavelength associated with the neutron;
h = Planck's constant;
M = mass of the neutron;
V = neutron veloclty
We haVe
(L)

gn) = g.% s @3 v5 e'(v/vo)2

neutron flux intensity per unit wavelength

"here gy =

interval, neutrons/cm3-sec.

The neutron distribution reflected from the crystal

1311,50:

I, - #(A)R" (49)
Where I, - reflected intensity, neutrons/sec;
" crystal reflectivity (integrated reflection),cm 3,

R
The neutron count-rate as measured with a BF3 propor-

t
longy counter is modified by the sensitivity of the coun-

te
Fa ASsumin{g a 1/v sensitivity,
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C.R. = C)(vo/V)F(A )R (50)

Where CeRe = count-rate, neutrons/ec; and all the other
Quantitieg are as defined previously.
For a small, single crystal oriented at the proper

Bragg angle, the crystal reflectivity is given by

Z&ChariasenLLB ass

R™ = Qv (51)
Where gp* = crystal reflectivity, cm3;
Q = crystallographic quantity defined below,
dimensionless;
SV = volume of the small, single crystal.
For the Laue methods
. w2 Y
i 2sin®p (52)

volume of crystal,

w .
here Ne number of unit cells per unit

1]

cm'3;
oo crystal structure factor, cm;

N = neutron wavelength, cm;

6 - Bragg angle.
Substituting Eq. (18) in &q. (52):
2 N2F2 2 2(d/n)? (53)

Q =
the neutron

Hence, for a small, single crystal,

¢
ount‘rate should be:

CeRe = Csv‘ge"("/"'o)2 (51)

w .
B CeR. = neutron count-rate, neutrons/sec;
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Cs = a constant.

For o large, perfect crystal, the crystal reflec-

t1
Vity has been theoretically derived by Darw1n51,52;

RY = qv tangq mq (55)
Where g _ crystallographic quantity given by iq. (52)
or (53);
V = volume of crystal irradiated;

M = number of reflecting planes in the crystal;

a
Nd g ig the reflectivity of a single nlane of unit cells:

N FAd
g8 —Sg— (56)

number of unit cells per uvnit volume;

5
(O]

)

o
=

1

crystal structure factor;

| B
A.: wavelength;
d = interplanar distance;

° = Bragg angle

Eq,
2 (55) can also be written as

N FAt
(57)

2 o
R™ = 2 NCFIN(d/n)ZA tanh ('ginﬁ"

W
flere 4 area of crystal intercepting radiation beam;

to = crystal thickness.

HOWeVer, Eq. (55) underestimates the reflected in-

te
Rslty becanse single crystals are not perfect, but can

: Considereq as consisting of blocks misoriented at small
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angles with respect to each other. The phenomenon of
e .
Xtinction 1s therefore not too severe with real crys-

t .
als, nXperimentally, it has been foundl8s53 that for

large ¢rystals, the reflectivity is proportional to the

square root of QV:

o 79, 24 cose
R" = G [ opp (S43059) (58)

mosaic spread, which is a measure of the degree

n

of misorientation of the crystal blocks;

to = Crystal thickness.
the neutron count-rate for a large, real

Therefore 3

CPYStal igs

2
C.R. = ¢, ¢2*? e"(v/vo) (0089)0'5 (59)

The éxperimental neutron count-rates can be plotted
angd the MaXximum point of the resulting neutron distri-
bution Can be correlated with the maximum of the theore-
ticay Maxwell-Boltzmann veloeity distribution in the
fOllOWing manner: since the cosine factor in the fore-

going €quation does not vary much over the angular

positions involved, the count-rate can be assumed to be,

ap 73POXimat e ly:

C:R. 2 ¢ v & (P72 (60)

Whepe the exponent n = 3.5 for a large crystal, such as

the NaCl singile crystal used in this investigation.
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“or smgaij crystals, n = 2.

By differentiating zg. (60), the following relation-

sh .
Ip can be geen to hold at the maximums:

mex = [ n (61)
Vo 2

or in terms of wavelengths:

A &
it Y b (62)
a/'7«.)( ]/ 2

In a given reactor core, operating at a given tem~-

Perature, )0 is fixed. Hence, the wavelength ﬂmuzcorres-

Ponding the maximum in the plotted neutron count-rate
ebributeon (Marveliden surve) Dapauds o8 Fhe sxpuens

D 7he angular position of the Maxwellian curve maximum
theresone depends to some extent on the size of crystal,
OT crystq; grain in the case of metals. For small-grained
materials where g, (5;) is avnlicable, the maximum would
be ®Xpected to shift by a few degrees to the low energy

(long Vavelength) side, relative to that for large-grained

matepials.



CHAPTER IV

EXPERIMENTAL APPARATUS

A. Nuclear Reactor. The neutron beam from the

R
=88t beam port of the University of Maryland pool-type
Teactop (UMR) licensed for overation at 10 KW (thermal)

W
88 used in these experiments, Between the reactor core

and the beam nort are 3 in. of graphite reflector, 1/2

In, or water moderator, and 1/, in. of aluminum plate.
The Present fuel loading of the UMRELL consists of 19

fuel €lements with a fuel content of 2.7 kg. of U-235,

The Tuel elements are distributed as follows:

a) three 6-plate special elements holding the

control I'Ods;

b)  thirteen 10-plate elements;

¢) one S-plate element containing the "glory hole™

tor lrradiation at the center of the reactor core where

t
he Neutron flux is highest;

d) one l~plate element at the front side of the

¢
i among the graphite reflector pieces; and

) one 9-plate element in position C-l near the

n
Blory.hoie, n
The exact positions of the fuel elements are depic-

teq 3, Fig, 5, Each fuel plate contains about 16 g. of

35
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U-235 eXcept for the 5-plate ("glory hole") element, the
u‘plate element, and a 10-plate element at the southeast
Corner of the core, which contain about 18 g. of U-235

Per plate,
The estimated thermal-epithermal neutron flux5lh 1g

3 x 1011 neutrons/em@-sec. in the "glory hole" at the
Center of this core, and the epithermal flux, as measured

With aluminum foil, is aporoximately 1010 neutrons/cmésec.

% the same position.
The thermgl neutron flux at the inner face of the

East begm port55,56 1g approximately 5 x 1010 neutrons/

CmQ_SGC .
PhOtOSPaphs of the reactor core, the control con-

Sole, ang other equipments used in this thesis research

are shown in Appendix A. See also Fig. 6.
collimated by two beam port plugs, one of wood and the

Other of paraffin, with a 2 in.-diameter hole running

through the middle. The wooden plug, 7-3/L" in diameter

X 31n

in length, consisted of a block of 2" planks glued
t°gether, which was then turned in a lathe. At the start

°T this thesig research, the wood was tested for induced

I‘adiots’tctivity and this was found to be mainly due to
The paraffin plug,

Ma-56 With g half-1ife of 2.6 hrs.
8~l/hn in diameter x 31" in length, consisted of paraffin

Pouregq into a casing of aluminum with 2 in.-dia. aluminum
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tu
be set in the middle.

Out
side of the two plugs, the neutron beanm was col-

limat
ed by le
v lead bricks, each on x " x 8", with an

apertur
e 1/2-in. wide and 2-in. high. The lead prick-
or was surrounded by solid concrete blocks, each

gee Fige Te

blo
ck 3-3/4" x 7-3/L" x 15-1/2"-
1 thickness of

pricks with a tota

A pedestal of lead
16 3
n., N

s sitting on concrete pblocks, was placed 1n front

for the neutrons

e .
main beam to serve &8 ghielding

Comin
£ directly from the reactor.

Th
6 neutron beam intenslity was measured directly
ound to be equal to lO7

at th
e
) start of this study and f
ount s
per minute as counted by the boron trifluoride

ibed beloWe

dete
et

or and scaler to be descr
nsisted of an

The goniometer co

C. Goniometer.
s modified by add

ing a set

X=p
a
Y goniometer base which wa
o arms could rotate

of 4ir
ferential gears such that 1ts tw

g able to move along & scale

at
a 2-

to-1 ratio. One arm Wa
This scale had

Which
was fixed to the goniometer baseé.

an ge
L Curacy of 5 minutes of arce po the other arm was
8ttach
ed a 7"-dia. cylinder of paraffin, 1" longs with
g a 1""dia.o

a 1n
-4
ia. hole through the middl® for holdin

This detector arm had its own

but an additional

BR

3 Neutron detector.
10 of arcs
r of the goni
aembly holding

Sc
ale
> with an accuracy Of
ometer

Was attached to the metal £100©

and
a
pointer was attached to the wheel as
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Up the Paraffin cylinder. A sketch of the goniometer
1s shown in pig, 8

The goniometer could be used in either of three
Ways;

1) The detector could be held fixed at a given
M8ular position with respect to the neutron beam from

*he reactor, and the sample rotated independently of the

detector. Experimental results obtained in this manner
are designated as "rocking curves."

2) The sample could be locked on to the detector at
oy Sample position, and the samnle and detector rotated
O89ther gt g 1-to-2 patio. In this manner, the detector
*0€le with respect to the main meutron beam could be held

at twice the Brags angle of the reflecting planes of the

Samnle, Results obtained thus are designated as "Maxwel-

lian Curveg, "

3) The sample could be held fixed with resvect to
the Mmain beam, and the detector rotated about the sample
© 81Ve what gre herein designated as "Laue curves.,"

The maximum rotation for the sample arm was about

Li50,

For gregter ease in taking measurements, the gonio-
Hetep Was placed in such a position so that the main
Neutren beam fell at a scale reading of [;3.5°. Therefore,

Bragg angles are obtained by subtracting the scale read-

ing, from 3,59, thus:
e = 43.5°- @' (63)
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D. DNuclear Instrumentation. An RCL Model 10502

BFI3 Proportional counter was used to detect neutrons.
Thisg detector was filled with 96%-enriched BlOF3 at a
Pressure of 12 em. of Hg and had an active volume 1 in.
in diametep and 6 in. in length. According to Price57,
Such a detector has a counting efficiency of about 22%

for thermal neutrons coming in through the end.

The BFy detector was connected to a Nuclear Chicago
Ultrascaler Model 192-A operated at an input sensitivity
ef 2 millivolts and a high voltage of 1450 volts pre-

Viously get by counting plateaus.
A Nuclear Chicago Model 1620 Geiger tube radiation

Monitor was placed beside the shield of concrete blocks.

The Tadiation intensity as measured by this monitor was

APProximately 1 mr/hr. with the reactor at 10 K.

E. X-Ray Spectrometer. A Norelco Philips Model No.

2323 X-ray spectrometer was also used to verify lattice

SPacings gng compare X-ray diffraction measurements of

Preferred orientation with those obtained by neutron dif-

Traction, 1n tnig x-ray apparatus, the ssmple holder and

counter were set to rotate at a l-to-2 ratio, through a

Bragg angle range of about 45 A copper target tube was

20

Useq With a nickel filter to give a monochromatic beam of
1’54 Angstron (A) K- X-rays. To cut down unwanted
I‘]-U-Orescent radiation from the steel samples being

inVestigated, thin aluminum folls ware placed in front
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CHAPTER V

PROCEDURES AND MATERTIALS

A. Data Taken., According to Boasl, preferred orien-~

tation in o given material is fully specified if (a) the

Main orientation and (b) the extent of scattering of the

Crystallographic axes about the main orientation are in-

dicated, If monochromatic radistion were used, the main

°rientation can be found by adjusting the positions of the
Sample and detector until a diffraction peak occurs. By
adjusting the detector position, the value of the Bragg
angle is found which corresponds to the radiation wave-
length for the particular planes being reflected from,
#nd by adjusting the sample position, the reflecting
Planes are placed in just the right position for Bragg
reflection,

However, if polychromatic or "white" radiation is
used, the detector can be placed at any angular position
8Nd only the sample orientation need be adjusted because
there will always be a particular wavelength which will

Satisfy Brage's condition for diffraction, provided wave-

lengthg are pregsent which are shorter than 2d, where d

1s the interplanar spacing.

L1



W2

In the case of neutron diffraction, the low energy
Neutrons in the reactor core are distributed in energy

following the Maxwell-Roltzmann distribution law. Ac-

Cording to Hughesu9, the neutrons coming from the reactor
Core should have g Maxwellian flux distribution, which

1s equal to the Maxwellian velocity distribution multi-

plied by the neutron velocity, ve Neutrons diffracted

from a rotating erystal, or from a material that is
oriented, should follow closely the Maxwellian distri-
bution, though modified by the reflectivity of the sam-
ple which may be a function of neutron velocity.

Essentially then, if the sample is oriented with
Téspect to the detector such that the angle which the
incident neutrons make with the reflecting planes is
€qual to the angle of reflection, and the sample and
detector are rotated at a l-to-2 ratio, neutrons of par-
ticular wavelengths will be Bragg-reflected at the cor-
Tésponding angles, and the angular distribution of the
diffracted nevtrons will follow the Maxwellian distri-
bution, suitably modified by sample reflectivity. Mea-
Surements obtained in this manner are shown in the form
Of Maxwellian curves.

If the maximum in the Maxwellian distribution of
Nevtrons from the reactor can be determined by means of
8 single crystal of known orientation, then the main

Oorientation of any given sample can be determined from
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the position of the maximum in that samplet!s Maxwellian
Curve,

On the other hand, the scatter, or variation, about
the main orlentation can be obtained by keeping the de-
tector fixed at twice the Rrage angle for the estimated
Maximum of the Maxwellian distribution and then rotating
i o

the Sample, or "rocking" it about the Bragg angle.

the sample were a gingle crystal, such a "rocking curve"

Would consist of a single diffraction peak. For highly

Oriented materials, the rocking curve would consist of
S€Veral peaks grouped about the main orientation.

If the sample is kept fixed at a given angle, and
the detector were rotated, the curve obtained would con-

Sist of g single peak occuring at twice the Bragg angle

for the particular orientation of the sample. Such a

CUrve, herein designated as the "Laue curve," would cor-
respond somewhat to the Laue Method of X-ray diffraction.
However’ as far as the determination of preferred orien-
tation ig concerned, its main disadvantage lies in the
Tact that the wavelength responsible for the peak in the
Lave curve is not known, and recourse must still be made
to the Maxwellian curve to determine this wavelength,

The average orientation of a selected crystallogra-

Phic axis is determined relative to some important direc-
tiong of the specimen. In the case of the rolled sheets,

these important directions are: (a) the rolling plane,



Or alternatively, the direction perpendicular to the
rolling plane; (b) the direction parallel to the rolling
direction, ReDe; and (c) the cross-rolling, or transverse,
direction, CeReD., which lies on the rolling plane, per-
bendicular to the rolling direction.

The samples used in this investigation were posi-
tioned relative to these important specimen directions
and to the incident and reflected neutron beams in the

Manner depicted in Fig. 10, with the designations as

labelled in the figure.

Be Materials Investigated. A sodium chloride (NacCl)

single crystal was used to determine the Maxwellian dis-

tribution of neutrons from the reactor. The NaCl single

erystal, from Tsotopes Inc., was 2" x 6" x 1/2", cut so
that the ( 100) planes were parallel to the reflecting face.
The major portion of this study dealt with Si-Fe

electrical sheets obtained from Armco Steel Corp. and

Yestinghouse Hlectric Co. The following table lists the

different Si-Fe electrical sheets investigated for pre-

Terreq orientation:

Table I

Characteristics of Si-Fe [Electrical Steels

ATIST Core Loss

Designation Nature Thickness Si Content at 60 cps and
15 Kgauss

M=5 G@rain-oriented 11 mils 3% 0.58 watts/1b.
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Table I (continued)

ATST Core Loss
Desipgnation Nature Thickness Si Content at 60 cps and
15 Kgauss
M=6 Grain-oriented 14 mils 2.,96% 0.6l watts/1b.
M-19 Non-oriented, 25 " 2.94% 2.35 *
cold-reduced
M=22 Non-oriented, 25 M 2.86% 2,63 M

hot-rolled

Core Loss
at 400 cps and
15.5 Kgauss

O0.T. Thin, oriented ) mils 3.09% 6.85 watts/1b.,
' 3.07% 7.40 B

OQT.S. Thin, Oriented’ Ll‘
speciaglly
processed

(AISI stands for American Iron and Steel Institute).

Nickel-iron (Ni-Fe) alloys with the following cha-

Tacteristics were also examined for preferred orientation
by neutron diffraction:
Table II

Characteristics of ;8% Ni-Fe Electrical Sheets

Thickness Ni-content Si-content

Designation Nature

L8-n1 oriented, 1 mils  LB.4F 0.147%
fine-grained

Orthonilk Oriented, 13.5 * 48.2% 0.L46%
cube-textured,
fine~-grained

The cube-textured silicon-iron (Si-Fe) electrical
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sheet uged in this investigation was suppnlied by Westing-
house HKlectriec Co. Detailed characteristics of the mate-
rlal are not available, except for the sample thickness

which was 6 mils.



CHAPTER VI

EXPERTMENTAL RESULTS

A. Sodium Chloride (NaCl) Single Crystal. Initial

€Xneriments were mede with the Nacl single crystal to ob-

tain the Maxwelliagn distribution of the neutrons from the

Teactor core,. Fig. 13 shows the rocking curve obtained

with the BFy detector fixed at an angle of 27° with res-
Pect to the main beam of neutrons from the reactor. The
angular resolution, as given by the width of the peak at
half the maximum height, is apnroximately 2° which is ap-
PPOXimately equal to the angulsr resolution obtained by
Lowdel?, phe pealk-to-background ratio is about 10-to-1,
the background being partly due to incoherent scattering
from the erystale.

The NaCl single crystal was locked on to the detec-
tor at the center of the peak and the Maxwellian curve

Was obtained by rotating the detector, with the crystal

following at a 1-to-2 ratio. Fig. 1l shows the Maxwel-

lian Curve so obtalned and is compared with the calcu-

lated Maxwellian veloeity distribution curve and the

Calculated flux distribution curve.
According to Hughesu9 and Bacon and ThewlisEO, the

L7
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Heutron flux leaving the core and impinging on the sample

should have g2 Maxwellian velocity distribution multiplied

by the velocity v.
From the theory of crystal diffraction, the integrated

reflection from a thick, verfect crystal should be pro-

bortional to the neutron wavelength A . (See Eq. (57) on

Page 32). 1f the detector has a 1/v sensitivity, then

the count-rate should be provortional once again to the

flux distribution. The complete derivation of these re-

lationships is given in Section C of Chapter III. The

final result is:
C.R. = Cv3exp/=(v/v,)2_] (6l)

Where ¢ . a constant

neutron velocity

o <

1/2mve - ko

v most probable velocity

o]
]

i neutron temperature

k = Boltzmann's constant.

This is the same result arrived at by Goldberger and
(For Sturm's

Seitzll, Sturm12, and Bacon and Thewlisgo.

®Xpression, see page 8 of this thesis).
The experimental Maxwellian curve shown in Fig. 1l
has 1ts maximum at a Bragg angle @ = 13° (81 = 30.5°).

F'Pom Braggls equation n 7\ - 2dsj_ng with n =« 2 and d = aop
= 5.6l A for the 2nd order reflection from the NaCl (100)

Planes, the neutron wavelength at the Maxwellian peak,
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7\max = 1.3 A is obtained. The wavelength corresponding

to a neutron energy of 0.025 ev is 1.8 A,

By matehing the calculated flux distribution curve
given by Hge (6l1) to the experimental curve at the maxi-

MM, a neutron temperature of approxim-tely 100°C is

Obtained. on the other hand, by matching the calculated

Velocity distribution curve, Bqg. (1)) to the experimental

Curve, a mich higher neutron temperature of aprroximately

2800 14 obtained.
The velocity at the maximum of the flux distribution

curve given by Eq. (6lt), Vmgx.s is related to the most

Probable velocity Vo by:
(65)

Ymax., =
From this relationship, and the deBroglie formula:

7L = h/mV, (L[.?)

Using A .. = 1.3 A, the most probable wavelength of the

Core nNeutrons is found to be ho = 1.6 A.

The use of Eq. (6l.) presupposes that the NaCl single

Crystal ig g perfect crystal, which is not true. Accord-

ing to Brage, Darwin, and JameSSB, NaCl is far from being

& pverfeet crystal. Only a few crystals, such as diamond,

tend to annroach the characteristics of a perfect crystal.
As shown in Section ¢ of Chapter III, the correct

®Xpression to use for a large, real crystal would be Eq.
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(59) which is repeated here:

CeRe = Cf v3+2 o=(V/%0)” (cose)0e> (59)

Using thig equation, the calculated neutron distribution
is plotted in Fig. 15 together with the experimental da-

ta, SUbstituting the value of the exponent n = 3.5 and

hmax. =
lated to be 1.7 A. This corresponds to a neutron tempe-

1.3 A in BEq. (62) on page 3l, hv is then calcu-

rature of 61°¢. Tn the ensuing computations, the value

Av = 1.7 A will be used.
Grain-Oriented Silicon-Iron xlectrical Sheets.
Flg. 16

B.

1. M-5 Reflection Diffraction Curves.

1 >
SHows the rocking curves of L sheets of grain-oriented

As designated in

M-5 taken at 26t = 36° and 20' = 6°.
the figure, the cross-rolling, or transverse, direction

Was in the plane of the incident and reflected neutron
beams, gee Fig. 10.

A few prominent peaks csn be observed in Fig. 16.
These gpe apnarently due to large grains, and it can be
S€en that the reflecting planes giving rise to these pro-
Minent peaks are very nearly parallel to the rolling

Plane of the sample as indicated by the angle @ = 0° in

the figure. 4 photomicrograph of an M=5 sample taken at

& Magnification of about 100x 1s shown in Appendix B.
The dotted curve in Fig. 16 is the Maxwelllan curve

Obtained by centering the sample on the highest peak of
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the lower rocking curve. The maximum of the Maxwellian

curve is close to @' = 25° which corresponds to Bragg

angle e - 18-500

For large crystal grains, A~max. may be calculated

from .Eq. 62 with n = 3.5 and ;Lo = 1.7 A:

N - E(7)

from which the value hxmax. = 1.3 A is obtained.

From the Rragg formula:

n /Al = 2d sine (18)
Where ¢ - %
ﬂTkaf/L
8o = lattice spacing = 2.86 A for b.c.c. Fe
h, ¥, 1 - Miller indices,

the 1gt order reflection from the (110) planes is calcu-

lated to occur at © = 18.5° (8' = 25°) for a neutron

Wavelength of 1.3 A.
Flge 17 is another rocking curve for the same M-5

Sammnle conditions as in Fig. 16. The spectrum is slight-

1y broader and the highest peaks slightly lower than in

Flg. 16. prom the left side of the spectrum, it can be

Séen that the maximum spread of the rocking curve is about
159; i.e., the maximum deviation of the reflecting planes

from the rolling plane of the sample is about 15°, This
8grees with the findings of Bozorth®! and Burw91128 men=-

tioneq previously in Chapter II of this thesis.
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Fig. 18 is similar to Figs. 16 and 17. Several

pPoints on the right-hand peak of the upper curve demons-
trate the reproducibility of the data.

The rocking curve for a lj-sheet M~5 sample in the
Tolling direction; i.e., rolling direction of the sample
in the plane of the incident and reflected neutron beams,
1s shown in Fig. 19. The curve is narrower than the l-
sheet ¢.g,p, sample, and the peaks are higher. However,
the incregseq height is partly due to the rectangular
Shape of the sample, 3 in. in the R.D. and L in. in the
CeReD., the collimator opening being 1/2 in. wide and 2
in, high,

To correct for this geometrical effect, a square sam-
Ple 3 in, x 3 in. consisting of l sheets was rocked at the

Same Bragg angle, and the high points for the R.D. and

CeR.D. poslitions were compared. The results are shown in

Flg. 20, Evidently, the peaks for the R.D. sample are
St111 higher than the peaks for the C.R.D. sample, though
HOW in the patio of 5-to-l instead of 2-to-l.

Fig. 21 shows the rocking curve (solid line) for
sheetg of M=5 in the R.De The lower dotted line is the
background counting rate when the sample was removed.

The upper gotteq line is the Maxwellian curve for the

Prominent pealk. However, the rocking curve peak is most

Probably not due to diffraction from a single large grain,

but 15 que to several grains with very close orientatlons.
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The maximm point of the Maxwellian curve occurs at the
Bragg angle for diffraction of 1.3 A neutrons from (110)
Planes, @ = 18.5°, or o' = 25°,

A rocking curve and a Maxwellian curve for 1 sheet
of M-5, R.D. sample are shown in Fig. 22. The maximum
count-rgte 1ig approximately half the maximum count-rate
for ) sheets of M-5 in the same position. This is in
agreement with the conclusion of Bacon and Lowdel® that
the reflection from non-absorbing real crystals is pro-
Portional to the square root of the sample thickness.
(See mq. (58) on page 33).

The rocking curve in Fig. 22 also shows that the ma-
XImm deviation of the reflecting planes from the rolling
Plane is about 8-10° in the rolling direction, in agree-
Ment with the results of Bozorth27 and Burwell28, As in
Flg. 21, the Maxwellian curve maximum occurs at the Bragg
angle 6 - 18,50 (@' - 259).

One iImportant advantage of neutrons over X-rays in
Metal diffraction work 1s the greater penetrating power
°f neutrons because of their lower absorption in most

Materials, This is shown in Fig. 23 which is a superpo-

Sition of rocking curves for two M-5 sheets diffracted

8€parately and diffracted together. The uppermost rock-

two lower curves, demonstrating that neutrons diffracted

from the gecond sheet, in a sandwich of two sheets, can
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Pass through the rirst sheet because of the low absorption

Coefficient. These curves again display a maximum devia-

tion of the reflecting planes of less than 10° from the
Tolling plane mentioned previously in connection with Fig.

22+ The dotted curve in Fig. 23 is the Maxwellian curve

Tor the two sheets diffracted together, and it indicates

& (110) preferred orientation.

M=5 Transmission Diffraction Curves. To

2e
determine completely the main orientations of the unit

¢ell, or cube, with respect to the sample, rocking curves

Were taken for 1 and 8 sheets of M-5 by transmission dif-

Traction in the R.De position. (Fig. 2l1)s The detector

Was placed at 26' = 33° which corresponds to a Bragg angle
°f 8 = 279 4t which angle diffraction should take place
from (200) planes for neutrons of 1.3 A wavelength, Al-
ternatively, one may consider 2nd order diffraction as
taking place from (100) planes for the same wavelength.
The rocking curve for the single sheet shows seve-
Tal faint peaks while the upper curve for 8 sheets shows
& gradual accumulation of diffraction peaks due to re-
flections from (200) planes oriented perpendicularly to

the rolling plane, with the / 200_;/ direction parallel

to the rolling direction. Indeed, the Maxwellian curves

Tor transmission diffraction in Pig. 25 taken together
With the previous Maxwelllan curves for the M-5 sample

in reflection diffraction, clearly demonstrate the (110)
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Z-OOI~7, or "cube-on-edge" orientation of the 1M=5 sample.
The Maxwellian curves for reflection diffraction showed

that the reflecting planes parallel to the sheet surface,

OF rolling plane, were predominantly (110) planes, while

the transmission Maxwellian curves show that the reflect-

ing planes perpendicular to the rolling direction were

Predominantly (001) planes.
The sample used in taking the data for Fig. 25 was

3 in. in the ReDe and ly in. in the C.R.D. As mentioned

before, the rectangular shape gives rise to a geometri-

Cal factor which makes the count-rate in the R.D. about

twice what it should really be. If the ratio of 5-to-l
Foung previously (see Fig. (20)) is used, then the R.D.
data in Fig. 25 should be corrected by a factor of ap-
Proximately 5-to-8 which should bring down the R.D. Max-

Wellian curve relative to the C.R.D. Maxwellian curve,

88 shown in pig., 26.
3. M=6 Curves. Filg. 27 shows the rocking

Curves for s single sheet of -6 sample in the R.D. po-
Sition, reflection diffraction at three different posi-
tionsg of the BF3 detector, corresponding to the Bragg
angles for reflection from the (211), (200), and (110)

Planeg, indicating a predominantly (110) orientation

Parallel to the rolling plane. The maximum deviation

of the reflecting planes from the rolling plane is again

less than 100, Presumably, the differences in heights



56

Cannot be due to angular variation of the crystal struc-

ture factor because neutron scattering at these low ener-

gies 1s isotropiec. 1In the case of X-rays, the atomic

form ractor, which varies with the angle ©, has to be

taken into account.
Fig. 28 shows "Laue curves" of the same M-6 single

sheet sample in the R.D. position. The curves were taken

with the sample fixed at a given angle and the counter

rotated to obtain the diffraction peak. The peaks so

Obtained are guite clear but the curves do not provide
any new information because the wavelength responsible
for g preak cannot be inferred from the data without the

additional information provided by a Maxwellian curve.

According to Lonsdalesg, ", « o«Laue photographs . .

%Will not give the size of the unit cell, only its shape,

becauge it gives a measure of angles only, not of

Spacings - n

. Oriented Thin Steel (0TS) Curves. Rig. 29

shows Maxwellisn curves for 28 sheets of lL-mil specially

Processed oriented thin steel (0TS) taken by transmis-
sion diffraction. Note the close similarity of these
tWwo curves to those in Wig., 26. As with the M-5 sample,

a [-110_7 orientation in the cross-rolling direction and
a [-200_7 orientation in the rolling direction are indi-
Cated, although the relatively flat shape of the R.De

Curve towards the low energy region indicates, the pos=-
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Sibility that other components, notably [-211_7, are pre-

Sént in the rolling direction.
Maxwellian curves by reflection diffraction for sin-

&le sheets of 0TS in the R.D. and C.ReD. positions are

shown in Fig. 30, indicating a (110) orientation parallel

to the rolling plane. These 0TS curves, together with

the transmission curves in Fig. 29 demonstrate the (110)

Z-001-.7 main orientation of the 0TS electrical sheets.

Ce Cube=Textured Silicon-Iron Electrical Sheets.

In contrast with the (110) orientation of the OTS rolling

Plane, the Maxwellian curves for a cube-textured sample

in the crogs-rolling direction are shown in Fig. 31, exhi-

Piting the (200) orientation of its rolling plane. The

Production of cube-textured silicon-iron electrical sheet

has been reported®0s61s62,63 put details of the manufac-
turing process are not known.

The (200) orientation of the cube-textured sample is
even more clearly pronounced in Fig. 32 which shows rock-
ing curves at the Bragg angles for 1.3 A reflections from
(110), (200), and (211) planes. The ©110 peak is very
evidently depressed relative to the 0200 peak, which is
in direct contrast with the M-6 rocking curves of Fig. 27.

The cube-textured sample is strongly (200)-oriented rela-
However, a (211) component

To

tive to the rolling plane.

is also prominent in the cross-rolling direction.

Complete the determination of its main orientations,



58

Maxwellian curves for the other sample positions were

taken. gSee Fmig. 33. While the presence of a (211)

Component is indicated by the C.R.D. Maxwellian curves,
the R.D. curves show that the grains are predominantly
(200) -oriented with respect to the rolling direction.

In Fig. 33, the OPS Maxwellian curve for the rolling

Plane orientation is plotted for comparison. X-ray spec-

tra of the M=-5 and cube-textured samples are shown in

Fig. 11, According to Fig. 11, the M-5 sheet surface is

bPredominantly (110)-oriented, while the sheet surface of

the Cube-textured sample is predominantly (200)-oriented.

De ©Non-Oriented Electrical Sheets. In the next

Tigure, (mig. 3l), are rocking curves for 1 and 5 sheets

of 25-mil M-22, which is classified as non-oriented Si-

Fe electrical steel by the menufacturer. These curves

Were taken by reflection diffraction, and the relatively

Smooth shape and lower counting rates do indicate that
the materiagl is not "grain-oriented" as are the M-5 and

M=6 samples. wote the similarity of these curves to the

M=5 transmigsion diffraction rocking curves. The lack

Of prominent peaks indicates small grain-size for the M-

22 Sample., A photomicrograph of an }M=22 sample taken at

A magnificetion of about 100X is shown in Apvendix B.

Maxwellian curves for M-19 and M-22 samples are

Compared in Fig. 35. Both M-19 and M-22 samples con-

Sisted of 5- sheet sandwiches, and both were cut to exact-
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ly the same size and shape. The Maxwellian curve for

the M-19 sample is more peaked than that for the 1-22

Sample, indicating a greater degree of preferred orien-

tation of the former.

The peak of the Maxwellian curves occurs slightly
to the left of the expected angular position for the
Bragg scattering of 1.3 A neutrons from (110) reflecting

olanes. This is most probably due to the fine-grained

Nature of the M-19 and M-22 materials which would then
Make the case of diffraction from small crystals appli-

Cable. Ags ghown in Section ¢ of Chapter III, the count-

rates for diffraction from small erystals should have a
Mmaximum which is displaced slightly towards the low ener-
8Y side relative to that from large crystals.

These curves also indicate that there is some degree

Of preferred orientation present in "non-oriented" elec-

trical gheet. Indeed, there 1s usually some degree of

pPreferred orientstion present in most cold-worked or an-

Nealed metals; just as, in the opposite extreme, preferred
orlentation is never perfect, -- there is always some

Scatter gbout the main orientation.

E. }8% Ni-Fe Alloys. The last figure (Fig. 36)

displays the Maxwellisn curves for 8 sheets of 1l-mil

18-§i and 13.5-mil Orthonik which are L8% (by weight) al-

loys of nickel and iron. According to the literature43’uh

L8 Ni-Fe is face-centered-cubic in structure, with a lat-
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tice Spacing of 3,58 A. Using this value, the Bragg an-

Bles for (220) and (200) reflections are found to be 8o00

= 31° ang ®200 = 21° for 1.3 A neutrons. Fig. 36 then

indicates that 16-Ni contains both (220) and (200) orien-
tations parallel to the rolling plane, while Orthonik is

mainly (220)-oriented with respect to the rolling plane.

X~ray diffraction patterns of these two materials support

the above findings; the X-ray spectrometer data (See Fig.
12) shows peaks of approximately equal height at the 220

and 200 Bragg positions of the }8-Ni samnle; with the Or-

thonil sample, the 200 peak is depressed and the 220 pesk

elther increased slightly or remained the same. These

findings show that the Ni- Fe samples investigated were

Not cube-textured. This is because they had not yet under-

gone the anmnealing process which results in the "cube-on-

face" or (100) / 001_/-orientation.



CEAPTER VIT
SUMMARY AND CONCLUSIONS

Ae Advantages of Neutron Diffraction over X-Ray

21£££23£193. In the study of preferred orientation in

Metals, neutrons possess the advantage of being weakly
Hence, they can pass through
With

absorbed in most materials.

Ereater thicknesses of sample than can X-rays.

neUtPOHS, it is therefore not necessary to diffract a

large number of thin samples to obtain a statistically

significant result?-.
With X-rays, the diffraction patterns obtainable are

limiteq to sample thicknesses of about 5 mils. A thick-

Ness of 1 mil of iron will have reduced the X-ray beam

intenSity by a factor of 1/100. on the other hand, neut-

Ton absorption is practically negligible (the half-thick-
Ness of iron for neutron absorption is about 500 mils)

and the sample thickness is limited by the phenomenon of

extinction., wor real crystals, the reflectivity varies

arproximately as the square root of the sample thickness,

due to extinction. Therefore, the inner sections of a

Sample will still be able to make their contributions to

the diffraction pattern though not as much as the sections

61
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Near to the surface facing the neutron beam.

Be Advantages and Disadvantages of Single Diffrac-

3192' The use of single diffraction in studying pre-

ferred orientation is limited to materials with simple

Structure., If the material has a fairly complex struc-

monochromatic beam is required to produce a

ture, then a
On the

diffraction nattern which can be interpreted.

Other hand, for simple structures, such as body-centered-
cubic iron, the diffraction patterns are limited to cer-

tain reflections, such as the reflections from the (110),

(200), and (211) planes. The angular separations between

these reflections are wide enough so that the resulting

bPattern obtained with a polychromatic beam can be inter-

Preteqd,
The main advantage of single diffraction is that the

Teactor beam is used directly without going through the

monochromatizing process. Hence, a more intense beam is

aVailable for diffraction.
This study also indicates that it may be possible to

Correlate the Maxwellian pattern of a given sample with

Erain gige,

Ce Sodium Chloride (NaCl) Single Crystal. In this

Study, the Nacl single crystal was used to obtain the
Maxwellian spectrum of the reactor neutrons, and this
Information was subsequently used to determine the planes

Tesponsible for diffracting neutrons in the samples being
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investigated., The experimental lMaxwellian curve from

the (200) planes of the NaCl single crystal was compared

With calculated curves for three cases: reflected beam

directly proportional to 1) the Maxwelllan velocity dis-

tribution; 2) the Maxwellian flux distribution from a

perfect crystal; and 3) the Maxwellian flux distribution
from a real crystal whose reflectivity 1s given by Eq.

(58), Although the perfect crystal formula, Eq. (1) or

Hqs (2), has been used to fit the Maxwellian curvell,12,
it 1is believed that the third method of computation using

5q. (59) 1is more correct because it is applicable to g

reéal crystal rather than to a perfect crystal. On this

basis, a neutron temperature of 61° is obtained for the

Core neutrons of the University of Maryland reactor.

De Preferred Orientation in Grain-Oriented Materials.

The data show that preferred orientation in highly orien-

ted materials can be conveniently determined by single

diffraction techniques using neutrons. The (llO)[‘OOl_7¥

Orientation of the M=5, M~-6, and OTS electrical sheets
has been clearly demonstrated, as well as the (100)
1-001_7-orientation of the cube-textured samples. The
X-ray patterns shown in Fig. 11 do verify the (110)-orien=-
tation or the M=~5 sheet surface and the (100)-orientation
Of the cube-textured sheet surface, in agreement with pre-

Vious findings26,27,28,

Non-Oriented Materials. The rolling plane orien-

"
Be
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tations of materials classified as non-oriented have also
been determined and compared in two samples: M-19 and
M=-22, However, it is doubtful if transmission diffraction

Measurements on these samples can give significant results

because they are weakly orisnted. Hence, it is possible

that of the main orientations along the three directions
of the samnle (rolling plane, rolling direction, and cross-

rolling direction), only that in the rolling plane can be

determined,

®e General Conclusions. From this study, the fol-

lowing general conclusions can be drawn:

a) Preferred orientation in rolled metallic sheets

can be determined using single diffraction of neutrons;

b) The techniques employed in this study work best

With highly oriented materials, especially those with

relatively large grains;

¢) The best results are obtained by reflection dif-

Taction;

d) Transmission diffraction is also possible although

the counting statistics are not as good as those obtained

by reflection. However, both types of diffraction (re-

Tlection and transmission) are required for a complete

determination of preferred orientation;

How~

e) ILdge-on diffraction has not been attempted.

€ver, information obtained in this manner is not neces-

Sary for the complete determination of preferred orien-
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tation; essentiaglly the same information can be obtained
by taking reflection and transmission measurements at

different inclinations of the sample's zenith angle with

Tespect to the neutron beam;

f) Data obtained so far indicate that a complete

Pole figure can be drawn by taking rocking curves at dif-
ferent inclinations of the sample to the neuvtron beam.

Ce Recommendations. The following program for fu-

ture work on improving the experimental apparatus is re-

Commended:
a) The neutron diffractometer can be improved by:

1) Providing a sample holder which can be rotated in small

increments of azimuth and zenith angleséu; and 2) making

it possible for the counter to rotate azimuthally through

180° instead of just 90°, although this will probably

Tequire an entirely new goniometer. The first modifica-

tion should make the detailed plotting of pole figures a
Very simple, though still a time-consuming, procedure.
With the second modification, additional reflecting planes

¢an be observed, such as the (222) planes in iron which

are oresently outside the range of the goniometer.

b) lore compact shielding using borated materials
should be provided. This will be necessary if the reactor
bPower is brought up to 100KW.

H. Proposed Future Studies.

a) Further work on preferred orientation determina-
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tion by single diffraction still need to be done: 1)

Complete pole figures of some of the materials already

available should be made. A comparison of the / 100_.7

and /-110_7 pole figures of the "cube-on-edge" and cube-

textured samples should provide useful, as well as in-

teresting, information. 2) By reducing the neutron beam

collimator width and improving the collimation from sam-
ple to detector, the slight shift of the Maxwellian peak
due to extinction could be studied more carefully; this

might be able to provideinformation on sample grain sigze

which can be correlated with other methods. For such a

study, improving the angular resolution of the apnaratus
by increasing the distance from sample to detector would

be desirable. 3) A thorough investigation of the effect

of Sample thickness on the Maxwellian curve might lead to

2 better understanding of extinction effects. l) The

484 nickel-iron alloys require further investigation, par-

ticularly to verify their cube-texture.

b) Preferred orientation studics on metals other

than electrical sheets should aslso be undertaken; double
Crystal diffraction techniques should orovide more in-
formation on materials which are we akly oriented than can
be obtained with single diffraction, particularly where

Several comnonents are present.

¢) Diffraction techniques can be apnlied to non-

metallic materials such as rubber and plastics; but it
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1s believed that double diffraction may be required.
d) The effect of stresses on neutron diffraction

patterns cen be investigated.
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APPENDIX A

Photograph 1
The Reactor Control Console

Photograph 2
The University of Maryland Nuclear Reactor
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Photograph 3
The Control Rod Drives

Photograph 4
The Reactor Core



Photograph 5
Concrete-block Shielding and Diffractometer

Photograph 6

The Diffractometer (Goniometer)
Showing BF3 Detector
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Photograph 7
The Nuclear Chicago Ultrascaler

Photograph 8
The Nuclear Chicago Radiation Monitor



APPENDIX B

Photomicrograph 1
M-5, 100X

Photomicrograph 2
M=22, 100X
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