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ABSTRA CT 

Ti tle of Thesis: Th e Det e rmina tion of Preferred Orienta tion 
in Rolled El e ctrica l Steels u sing Sing l e 
Diff r a ction of Neu t rons 

Manue l R. Eu g enio, Doctor of Philosophy, 1963 

Thesis directed by : Professor Dick Duffey 

Prefe rred ori e nt a tion in rolled e lectrical s t eels h as 

be e n determined using single di f fr a ction of neu trons from 

the Un i versity of Mary land DOol-ty-oe nuclea r r eactor (DMR) 

ope r a ting a t 10 KW thermal . 

X-ray s a re used extensive l y to det e rmine p referr ed 

orienta tions in metallic wires and rolled sheets , bu t 

X-ra ys suffer t h e di s advan tage of h i gh a b sorp tion and 

cannot be used effectively on t hi ck samp les withou t c h e­

mical or mechanical treatment which u ltimately resu lts 

in the de s truction of the s amp les . The use of r eactor 

n eut r ons fo r t h is puruose i s belie ved t o of f e r particu­

l a r a dvant a g e s such a s t h e use of t hi cke r s amples and 

wider beams . To t hi s end , neu trons f rom t he UMR were 

s c a ttere d directly from met a llic sh e e t s amp l e s to obtain 

diffraction pat t e rns from which n r e ferred orientat i ons 

of t he crystallog raphic axes c ould be deili1c e d. 

The ne u tron diffraction data were obtained in t h e 

fo rm of : 1) Maxwe l l ian cu rves; and 2 ) rock i n g c urve s. 



To o b t ain the f i rst t yue of curve , the samp l e and neut r on 

de te c t o r were r o tat e d a t a l-to- 2 a n gul ar r a t io, resp e c ­

tiv e l y , and the diffr a c t i on n attern was es s ent i a lly the 

:Man1e lli an neutron en ergy d i stribution . From t he maxi mum 

of t h e Ma xwe l li an curv e , t h e crys t allo gr aph ic Dlane main­

l y r esp onsible fo r t h e r eflection was cal cul8 te d ; from 

t h i s , t h e ma i n orient a tion wa s d e duced . F or the second 

t y-o e of curve , t h e s amp le wa s r ock ed ba ck a n d for t h , with 

t h e n eutron d e tector fi x ed, and t h e r e s u lting patt ern was 

used to infe r t h e v a ri a tion of a g ive n cry sta l l o grauhi c 

dire cti on about its main ori ent a t i on . 

The r esults of thi s study , particu l a rly on grain­

ori ented a n d cu be - t extu r e d silicon- iron ( Si-Fe) a lloy 

sheet s demons tra te t hat sin gle diff r p ction t e chni qu e s 

c a n be u s ed to determin e u r e f e rre d ori ent a tion in highly 

ori ent e d m~t er i a ls . The results on Si - Fe shee ts de scribed 

a s n on - orient ed i ndica t e the possibility t hA t t he se tech­

niques may be a po l icabl e to ordi n a ry rolled me t a llic 

shee ts ,vh i ch a re not hi gh l y oriented. 
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CHAP'EER I 

INTRODUc·r ION 

Ac cording to Bo asl, a material with a ma r ked degree 

o f p referred orientation of its constituent c rys tals s h ows 

the a nis otropy ch aracteristic of a single crystal of the 

same material. Such be ing the case , a ~ i ghl y ori ented 

mate rial shou ld b ehave somewhat like a single cry st a l as 

far as neutron diffraction ~rope rties a re concerned. 

Polychromatic or "white" radiat ion can be diffracted 

.from single cry s tals bec ause, from among t he different 

wavelenr-ths u re s ent in "white" radia tion, a single wave­

l ength can generally be found which will satis.fy Bragg 's 

Law (to be discussed l ater) and radiation of this par t i­

c u l a r wavele n gth will be coherently scatterred from the 

s ingle cry stal. Therefore , if "white 11 radia t ion is use d 

on a ma t eri a l with a meas vrable de g ree of preferred orien­

tation, the diffraction pattern should approach t hat of 

a sing le cry stal,--the apnroach should be closer, t he 

great e r the de gree of p referred orientat ion. 

'rhe dif.frac t ion o.f p olych romatic radi at ion directly 

.from a g iven samo le i s CRlled sing l e dif.fraction, to dif­

.ferentiate it .from the metho d of doubl e dif.fraction 

1 
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(or double crystal diffraction) wherein a monochromatic 

beam is produced by diffraction from a single crystal 

monochromator and subsequently diffracted from the given 

sample. 

Briefly stated, this thesis deals with the determi­

nation 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 anisotrooic with res­

pect to magnetic nroperties, i.e., magnetic permeabili­

ties are greater in certain crystallographic directions, 

such as the f-looJ 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 ~romises further advances in the technology of 

transformers and similar electrical equipmentso 

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 

rathe r than the orientaion of individual grains . This 

was made possible u rimarily because of the relatively 

large area covered by the neutron beam, and also because 

of the penetrating character of neutrons . 

3 



A. 

CiiAPTER II 

REVIEW OF THE LITERATURE 

2 X-Ray Diffracti on Methods. There are three 

Principal methods us e d in X-ray diffraction studies: 

1) The Laue Method, wherein a be am of poly­

chromatic, or "white 11 , radiation (also calle d gen eral 

r adia tion) is diffracted from a single crystal, resulting 

in a pattern of spots which is usually recorded on a pho­

tograph; 

2) The Rotating Crystal Method, wher ein a 

monochromatic bea:rn 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 

is usually r e corded on photographic film placed at a 

distance around the crystal target; and 

3) The Debye-Scherrer Powder Method, in which 

a monochromatic bea:rn of X-rays is scattered by a powdered 

sample giving rise to concentric rings which may also be 

Photographed. The diffraction ring s are due to the pre­

sence of crystals which are oriented a t just the right 

angle so as to satisfy the Bragg condition for a given 

(h,k,1) plane; h,k,l are the Miller indic es. 

4 
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As an a lt e rna tive to t he use of photogr aphic f i lm, 

a sue c t rometer may be used, consisting e ssentially of a 

detector for i onizing radiation wh ich can be ro tat e d 

about t h e crystalline samp le to sh ow diffraction peaks 

where a s pot or part of a ring would show correspondingly 

on a nhotograph. 

B. Neutron Diffraction. In 19 36, neutron diffrac­

tion was demonstrated by Mitchell and Powe rs3 with a 

Radon-bery llium (Rn- Be) source of about 600 millicurie 

strength4 and sixteen magnesia (Mg0) single cry stals. 

The source was encased in a Paraffin howitzer, and ther­

mal neutrons were reflected by the Mg0 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 cry stals 

were tilted away by about 25°, the observed count rate 

was significantly lower, by about 10%. 

Halpern, Hamermesh, and Johnson5 discuss the theory 

of ne utron 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, underg o 

constructive or destructive interference which results 

in diffract ion . For incoherent scattering no such phase 
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relat ionsh i p s exist . 

The results of Whitaker and Be yer6,7 on neutron 

sc a ttering fr om single cry st a l a nd p o l ycry stall i n e i r on 

a re also exu l a ine d by Hali:)ern, Hamermesh, and Johnson. 

'I'he me a sured total sca ttering cross s e ction from single 

crys tal iron ( Fe) is smal ler than that from p olycry s­

talline iron ( vsingle crystal= 7 barns compare d with 

upoly crystal = 12 barns); this is be ca use only those 

neutrons of the Maxwellian distribution whose wavelen gt h s 

satisfy Bragg ' s Law were coher ently scattered f rom the 

s ingl e crystal . These f orm but a small fra c tion of the 

total number of neutrons; hence, most of t h e sca ttering 

from t h e single crystal i s i n coherent . For both single 

I er cry stal and p olycry stal, u - O'cohe rent i ncoh erent, 

bu t u coherent for t h e single crys tal is very small , 

while a-c oherent for the polycrysta l is relative l y larg e ; 

t herefore , the diffe r ence °Polycrystal - c-;ingle crystal 

= 5 barns rep resents the c oherent scattering cross - section 

of iron . 

Jn a st udy by Nix, Beyer , a nd Dunning 8 who us e d neu t­

r ons from a Rn - Be source in a naraff i n h owitzer, it was 

found t hat the diffe rence in neutron transmis s ion through 

fully anne a led and quenched nickel-iron (Ni - Fe) alloys 

shows a broad hump at a compositi on of 75% Ni (corres­

p onding to Ni3Fe ) indica t i n g a hi gh degree of order a t 

t h is comp osition. Cold-working de cre ased t h e ne utron 
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transmission , which is consist ent wi th t he int e r n re­

tation that col d-working destroy s ordering in the alloy . 

A Hadium-bery llium ( Ra- Be ) s ource ( 200 . 5 mg of ra-

dium and 8 .o mg of beryl lium) wa s used by Nix and Cle­

ment9 to measure t h e effect of g r a in size on total 

sc a ttering cros s section by transmission. The me tals 

studied were c o~ner and iron, t he grains of both of 

Which were r andomly oriented. It was observed that the 

cross section dec r eased with increasing grain size . 

This was believed due to t he higher number of cry stal­

lites reflecting neutrons when the grain size is small, 

resulting in more coherent scattering . 

Jn 19~-4 , a single cry sta l mono chromator was built 

by ZinnlO for use with t he University of Chicago, Ar­

gonne Nati onal Laboratory heavy water reactor. The 

neutrons were r eflected from the (100) planes of a larg e 

calcite (CaC0J ) single crys tal and detected by a boron 

trifluoride ( BFJ ) 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~& . Snectra of 

the thermal column beam and the direct reactor beam were 

obtained and compared with theoretical Maxwe llian curves 

calcula ted by Goldberger and Seitz11 • Thei r e quation 

for the integrated intensity of neutrons r efl e cted from 

a t h ick cry stal is: 



Where NR - ne t neutron flux per unit time r ef le c t e d 

from the crys tal; 

Nr = ne t i nt ensit y of i n ciden t n eutron beam, 

neutrons per second; 

aK ~ cry s tal structure factor; 

k - wave number; 

QB= Br a gg angle; 

6- = neu tron energy; 

k0 = Boltzmann's const ant ; 

T - neutron tempera ture . 

( 1) 

The neutron temperature of t he direct r ea ctor beam 

Was c a lcula ted to be T = 400°K . 

Sturml2 used a single crysta l monochromator syst em, 

simila r to that of ZinnlO, t o measure cross sections of 

different materials . He assumed t hat his neutron dete c­

tor had a 1/v sensitivity and used t he following t heore­

tical equa tion to fit t h e Maxwelli an sp e c trum: 

( 2 ) 

Where R - crystal refl ectivity (reflecte d intensity ); 

n = order of reflection; 

9 = glancing angle; 

c = arbitrar y constant; 

B 
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K1 : 2'ir/dh 

1 ;- j 71/2 ;- / / 8n = J. z; if exp 27T'ith1xJ.;h 2y.;h
3

z.Jn 7 
- s- - J J -

h
2
( 211/dh) 2n 2 

8mk
0

T 

dh - interplanar distance; 

m = mass of neutron; 

uj = scatt . cross section of t he jth atom in the 
s 

unit cell; 

k 0 - Boltzmann constant; 

T = aver age neutron temperature ; 

h1, h2, h3 = Miller indices; 

Xj, Yj, Zj = coordinates of the jth atom in the 

unit cell, in multiples of the lattice 

constant, a0 • 

The (100) planes of a large calcium fluoride (CaF2 ) 

crystal were used by Fermi and Marsha1113 to monochro­

matize neutrons coming from the Ar gonne Laboratory heavy 

Water reactor through a 1/2 in. wide by 1-1/L~ in. bigh 

Collimator. The monochromatic beam was used to dete rmine 

the sign of the scattering amplitudes of different ele­

ments by diffracting neutrons from alternate monoatomic 

crystal p lanes, e.g., (111) planes of sodium chloride 

(NaCl). The scattering amplitude is rela ted to the scat­

tering cross section, thus 14: 

( 3) 



where a; = scatterin@.' cross section; 

f : scattering amplitude. 

10 

Given a crystal consisting of two a toms A and B, if 

t he si gn of the scattering amnlitu de of A is the same as 

tha t of B, then the even orders of diffraction from al­

ternate p lanes of A and B will show strong refle ction and 

t he odd orders will show weak reflection. This is because 

in the former case, the net amp litude will be equal to the 

sum of the two anrolitude s, in the latter case, the net 

arnnlitude will be equal to the difference of t he two am­

plitudes. 

Fermi, sturm, and Sach s15 measured the scattering 

cross sections of polycrystalline beryllium ( Be) and be­

ryllia ( BeO) as a function of the neutron energy with a 

mechanical velocity selector (slow chopper) and a lithium 

fluoride crystal s pectrometer. The col l i mated neu tron 

beam was 3/L1_ in. x 3 in . with a Maxwellian peak at about 

O.OL' t ,2-r ev. The scattering cross-sec ion varied as 1~ 

between cut-offs (where t he cros s-section drop s down 

abruptly to a lower value) at 7l : 2d , where i\. = wave­

length and d = inter-nl anar distance, in agreement with 

the theory for Debye-scherrer diffraction . The p eak 

intensities showed t hat the scattering amplitudes for 

beryllium ( Be) and oxygen (0) have the same sign. 

Values of scattering amnlitudes were obtained by 

Schull and 1,vollanl6 for different elements and n uclides 
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f rom Debye-scherrer patterns of powdered crystal sampl e s 

of' e l ements or comnounds. scattering am1)li tudes were al­

so measured by mirror reflection or by compari son with 

ordina ry hydrogen (Hl) whose scattering amulitude is 

known . The scattering cross sections so obtained were 

compared with calculated values of notential scat tering 

cross sections and deviations from these were attributed 

to the pres ence of resonances at higher energies. The 

potential scattering cross section is given by14: 

( 4) 

Where RN= 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 a double diffraction method , are poor resolution and 

a high incoherent background which may be larger than 

the significant counting rate . In i i ngle crystal stu­

dies Using double diffraction, a high intensity of the 

monochromatic be e.mis required because of the appreciable 

extinction in single crystals . According to Bacon and 

Lowdel8, extinction is the reduction of the incident in­

tensity due to diffraction. 

Rocking curves of small crystals of sodium chloride 

(NaCl) and naphthalene (obtained by rot ting the crystal 
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s amu l e with t he de tector i'ixed) a re given by Lowde l7 and 

a ccording to h im, the intensiti e s obtained were about 

ten times what would normally be obtained i'rom powdered 

samples oi' the same material. For the NaCl, ( 200) - plane 

rocking curve, the angular r esolution was slightly less 

than 1.5° ( width at halt' maximum). 

Comprehensive surveys of dii'ferent apo lications of' 

n eutron dif'i'raction are given by Wollan and Schu1119, 

McReynolds20, Sidhu, Heaton, and Mueller21 , and Hastings, 

Eliott, Corliss, and Hamilton22 • 

Neutron dif'i'raction has been applied to the investi­

gation of' pref'erred orientation in a bar of' uranium by 

Laniesse, Merrill, and Englander23 . A cylindrical metal­

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

a monochromatic beam of neutrons f rom the EL-3 reactor 

a t the Saclay Laboratory, Paris , Fr ance. A specimen ex­

truded in the alpha (OC ) -phase sh owed a marked L-110_7 

texture in the direction of extrus ion; a similar annealed 

spe c imen in the beta ( (3 )-range showed only a weak degree 

of' preferred orientation. 

C. Electrical Sheets . The use of silicon iron in 

transformer sheets wa s reported by Gumlich24 in 1912 . 

Studies at that time showed that silicon alloys nossess 

high electrical resistance which r e sults in lower eddy 

current losses as well as lower hysterisis loss and 
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h i gher nermeability in low magnetic .fields a s compare d 

With ordinary iron. Gumlich found, h owever, t hat these 

properties are n ot in direct proportion to the silicon 

content and that the improvement in such propert i es cease 

at about L1.~ silicon content. 

Goss 25, in 1935, report ed on the development o.f a 

3-3. 5% silicon strip with superior magneti c and elec­

trical p roperties for use as electrical sheet . This was 

Pr oduced by a combina tion of cold rolling and heat treat­

ment, in the .fol l owing sequence : a slab o.f 3% silicon 

iron was h ot-rolled to strip form , heat - treated at around 

1600°F either by box annealing or by heating in a conti­

nuous electric roller hearth furnace , cold- rolled to an 

intermediate gage, given a rapid heat treatment at 1600-

l 8ooop, and t hen cold- rolled t o gage , usually 0 . 0125 in. 

Finally , t he strip was given a rapid heat treatment at 

about 2oooop in an electric roller hearth furnace. A.fter 

cutting to proper size for use in electric machinery , it 

Wa s given a stabilizing heat treatment which improved 

the electrical and magnetic properties and prevented 

agin g o.f the ma terial . 

Goss examine d his material with X- rays using the 

Laue me t h od and concluded that it was fine- gr ained and 

randomly oriented. Thi s conclusion was disputed by 

Ructer26 who .found p referred orientation and .fairly lar ge 



grai n size in the Goss mater ial. Ruder believed that 

the X- ray method was not r eliable be cause of the l arge 

grain s i ze . 

Subsequent X-ray examination of the Goss s trip by 

Bozorth 27 showe d that i t had a pr e dominantly ( l l O)f-oo!l 

prefe r red orientat i on; i.e., (110) p l ane s paral lel to the 

ro l ling p l ane , L-001J direc t i on par alle l to t he di r e c­

t ion of t he r oll ing , and t he f-110_/ directi on parall e l 

t o t he cro ss-rolling dire ction . This orient ation i s 

a l s o r eferr ed to a s t h e "cube-on- edge " ori enta tion, and 

t h e grains as "Goss-t extur ed," "singl y-ori ented," or 

" grain-ori ented . " on the othe r h and, grains with (100) 

L OOIJ ori ent a tion are referred to as "cube - t extur e d", 

"cube-oriented, " or "double - oriente d . " In cube-oriented 

gr ains t he (100) planes ar e pa r allel t o t he rolling 

Pl ane, and the 4-001.J direction is parall el to t he r el-
' 

ling dire ction . The "cube-on-edge" and 11 cube - t ext ur e d" 

grain orientations are ill ustrated in Fi g . 1 . 

Bozarth emp loyed the De bye Scherrer method, u sing 

ch aracteristic mol ybdenum K- CX: X-rays of o. 710 Ang s t rom 

(A) wavelength . The gr ain s ize of the snecimens exa­

mi ne d was not ver y small compared wi th the X- r ay beam 

cross - section; hence , composite data were obtained from 

s everal photographs . From the lengths of t he Debye­

Scherrer arcs so obtained, it was concluded t hat t he 
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normal to the (110) planes devi ated as much as 8° toward 

t h e rolling dir0 ct ion and as much as 15° tm,:ard the 

cross-rolling direction . 

According to Bozarth, Goss misinterpreted his X-ray 

data because t he latter did not rot3te (or "rock") hi s 

specimen . Goss' X- ray urocedure was to move his specimen 

by translation in order to ge t a compo site picture . 

Burwe1128 also examined the Gos s electrical shee t 

by means of Laue X-ray diffraction using unfiltered 

"Whiten radiation from a molybdenum target tube operated 

at 37 Ki lovolts (KV). Pole fi gures 2, which are top ogra­

phical drawi ngs indica ting t he relative fre quency of the 

crystallographic dire ctions in different orientations, 

showed a (llO)f-001_7 preferred ori entation with most of 

the crystals deviating from the rolling direction by less 

than 11° and from the cross- rolling direction by not more 

than 200 . 

De cker and Harke r 26 have pres ent ed a theory to ex­

Plain the predominantly ( OOl )f-110_7preferred orientation 

in grain-oriented silicon steels after cold-roll ing and 

the (llO)L-001_7 orientation after subse quent annealing . 

They dif'f'erentiate between "lamellar 11 deformation and 

" complex" det'ormation of gr ains during rolling . In the 

f'ormer type of' deformation , the grains rotate without 

breaking ; in the latter type of deforma t i on, the grains 
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fr agmen t un de r Dressure of rolling . 

Accordin p: to t h eir theory , "complex 11 defor mat ion 

occurs dur i n g rolling in those grains wh ose slip planes 

are s ynnne trically ulaced with r e sDect to t he rolling 

ul ane and rolling direction; i . e ., those gr a ins in the 

(001)£"110_/ and (llO)f-001_7 orientations . Most of the 

gr a ins whi ch are not synnnetrically oriented will deform 

l amellarly into the (OOl)f-110_7 orientation . When "com­

plex '' deformation takes place , grains in the (llO)f-001.] 

or "magnetic" orientation will receive more energy than 

grains in other orientations because the (llO)L-001 _7 

grains are less favorabl y positioned with r e spect to the 

Plane of greatest shear stress (which is 45° to the rol­

ling plane ). Hence , uuon annealing , nuclei will form 

first from the remnants of such grains , and eventually 

grow into l a r ge grains at the expense of their less 

strained neighbors . This growth or ocess has come t o be 

known a s se condary re crystal li zation . 

Ac cording to Dunn30 , grain boundary energy plays an 

imuortant role in the growth of secondaries . Impurities 

such as manganese , nitrides , and silica are believed to 

affe c t t he grain boundary energy and hence , influence the 

relative growth of the oriented grains31 , 32 , 33 . 

Silicon- iron single crystals have a l so been roll e d 

and a_ttempts made to corre late the initial orientation 
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With the recrystallized orientation. Halt e r and Hibbard34 

o b serve d that if the crystal's cube plane, i.e., the (100) 

Plane, was originally within J0° of being parallel to the 

rolling p lane, then the recry stallized t exture tend ed to 

be (100).L001_7, but if the (110) p lane was nearly uaral­

l e l to the rol l ing p lane, then the recrystallized grains 

were most likely to be ( 110) L 001]'- briented. 

As mentioned ureviously, p referred orientation is 

important in ele ctrical sheets because of the resulting 

effect on their magnetic pronerties . Single crystals show 

ma rked anisotropy with respect to magnetic nroperties35. 

Ma gnetization is easiest in certa in crystallographic di­

rections and more diffi cu lt in others. For example, the 

magn e tization curve (magnetization Min gauss vs. magne ­

tic field strength R in oersteads) for iron is highest 

in the f"1oo_J direction whi ch is parallel to the cube 

edge. The f-110Jdirecti on , parallel to a face diagonal, 

is a more difficult magnetization direction, and the 

f111_7 di rection, parallel to the suace diagonal, is the 

most difficult. In nickel, the order of magnetizing ease 

is the f-llV, _r110J, and f-100.J direction . 

'rhe directions of magnetizing ease in single crytals 

of 3. 85% Si-Fe were investigated by Wi lliams36 who showed 

the marked anisotrooy of a single crystal even at low 

magnetizations . He cut single crystal s p ecimens in the 
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fo rm of h ollow parallelograms ori en ted a long the different 

crystal axes, wound each sDe cimen wi th p rima ry and secon­

d n.ry coils, and measure d t he r esultine flux . As in p ure 

iron, the direction of easy magn e tizat ion in Si-Fe is 

alonv, the cube edge . 

Ni ckel-iron ( Ni-Fe) alloys of a !Jpr•oximate ly 50ft Ni 

com"0osit i on are finding increas ing use as transformer 

laminat ions, narticularly in high f requency a pp lica tions 

and in h i gh-fidelity eqniprnent37 . ·when s peci a lly pro­

ces s ed, such alloys develop a cube texture , and a recta n­

gu lar hysteresis loop . 

Sachs and Soretnak38 obtained X- ray diffraction pat­

terns of a 367,; Ni-Fe a lloy and ini'e r red a cubic t exture 

from f - 111 J and L- 200] pole t'i gure s . Sp ring39 re p orted 

the develonment of a 2 - mil cube - t e xtured 50% Ni-Fe alloy 

at Allegheny Ludlum steel Corn ., based on a modified 

German p rocess . According to Seymour and Har ke r 4° , the 

(112) £ 111_7 and ( 110)£"112_7 orientations p redominate 

in cold- worked 2-mil 50% Ni - Fe, bnt after recrystalli­

zati on at _5oooc , the (001) £ 100 .] cube - texture develop ed, 

With a maximum spread of 1 0 ° from the r ol l ing p lane and 

rolling direction . Li ttman~-1 , 4 2 reoorted on the cube 

texture of primary recrystallized Armco L~8 Orth onik in 

thicknes s es of 1-mil, ½- mil , and ¼-mil , as observe d from 

L-200_7 and f 111J pole fi gure s . 



19 

Lattice s p acing s of 50% Ni - Fe are given by Phrag -

1r1enlJ_3 and Br a dley ~~-: the l at t i c e constant, or si de of' a 

cubic unit cell, 80 = 3. 58 A. The struc ture is face­

c entered cub ic at this Ni - Fe composi tion. 

The lattice constants for differ e nt compositi ons of 

body-cente r ed cubic Si-Fe are gi ven by Grein er , Mar sh 

and Stoughton45. At J.5% Si, a 0 = 2. 857 A. Mos t silicon 

steels cont a.in about 3% Si. The lattice constant for 

pur e Fe at 200c is given by Sutton and Hume - Rothery46 as 

ao = 2. 8604 A. 



CHAPTER III 

CRYSTAL DIFFRACTION THEORY 

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

Fig . 2, a beam or coherent radiation is incident upon a 

one-dimensional lattice (a line) or scatter ing points at 

an angle c<.0 , t h e scattered radiation from the different 

scattering points will interfere with each other such 
that constructive interference, or reinforcement, will 

occur at angles CC according to the following equation47: 

Where ml= a constant; 

~ - radiation wavelength; 

a0 = distance between scattering points. 

'I'his Phenomenon or interference between scattered ra­

diation is known as diffraction . 

(5) 

For a two-dimensional lattice (a plane) or scatter­

ing Points, such as the square lattice shown in Fig. 3, 
the following equations hold: 

m1 ;\__ - a0 ( cos CC - cos 0( 0 ) -
m2 i\_ a 0 ( cos /3 - COS (Jo ( 6-b) 

Where m1 and m2 constants; = 
ao = di stance between sca t terers; 

20 
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C( 0 and /3a - angles of i ncidence of the radiation 

with respect to the x and y directions; 

C(_ and (3 - angles of reflection of t he radiation 

with respect to the x and y directions; 

and for a three-dimensional lattice of scatter ers, such 

as a cubic crystal: 

m1 /)_ = a 0
( cos C( - CO$ (XO ) ( 7-a) 

m2 /\. - a
0

( cos f3 - COS /50 ) (7-b) -
m3 ;l = a0

( cos Y - cos Ya ) (7-c) 

l-lhere O'.'.'o , (30 and ~ = angles of incidence with respect , 
to the x , y, and z directions; 

t(, fl , and Y = angles oi' reflection with res­

pect to the x, y , and z directions. 

These are known as the Laue equations. 

Squaring the three Laue equations and addine them 

together results in: 

( rn, t . .L ~ ,7 '- z. } '- z.[( ,._ , B+ ,_ Y ) / 
7 

"', +- 'Yl_i l)_ = ao ca-:5 Cc I . C.-""l r C,,-L .. z ( c cr.5 C\'._ c,- f c(_ 
0 

The different cosines are , in efi'ect, the direction 

cosines of the incident and scattered radiation; hence : 

co s 2cx- /. co s 7 /. co s
2 

Y = 1 

and , co s 2C<o ./ co.~i rc, /. cos
2 Yu = 1 

Eq . ( 8 ) therefore reduces to : 

(9 ) 

(10) 
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(11) 

From vector algebra, we know that 

cos (( cos C.'(
0 

f cos ff cos(:>;, ..J cosYco s >~ = cos 29 ( 12) 

Where 
2 9 : the angle between incident and scattered 

radiation . Thererore , 

(mi f m ~ f m §) IL 2 - 2 a; ( l - cos 29) 

But 

cos 29 - 1 - 2 s in 29 
Whence , 

(13) 

(14) 

(15) 

Ir m1, m2, and m3 have a common factor n, we have 

n
2

(h
2 

..J k 2 ..J 1 2) A2 = 4 a; s in 2e 
Where h , k, and 1 are integers ; or , 

n )\ = 
/h 2 ..J 1c 2 ..J 1 2 

Eq. (17) is Bragg ' s equation: 

n )\ = 2 d sin9 

d = 

s in 9 

(16) 

(17) 

(18) 

(19) 

To related with the distance between successive 

Planes in a crystal , we note that the equation or a plane 
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With int ao ao ao ercept s and __ is a iven by: - -h, T' 1 ~ 

( 20 ) 

h , k, and 1 are calle d Niller indices. 

'I'he distance between s uch a p lane as given by Eq. 

( 20 ) and a p lane parallel t o it and running t h rough the 

origin of the coordinat e system is : 

(21) 

Which is identical with Eq . ( 19) • 

Renee, for radiation of a given waveleng th it, we 

can Ca lcula te the Bragg angle of diffraction (or re­

flection) f'rom planes with the Miller indices (h,k,l). 

B. The Crystal structure Factor. The intensity of 

incoherent scattering from a disordered group of atoms 

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

expressed in t erms of the scattering cross section: 

I = I 0 N (lg ( 22) 

Where I = intensity of sc a ttere d radiation; 

I 0 = intensity of incident radiation per unit area; 

N - number of' atoms; 

a-;: scattering cross s e ction . 

Analogous to Bq. {22), we have for t he case of cohe­

rent scattering from a crystal , t he relationship48 : 

(23) 



Where Ir = reflected intensity at distance R; 

Io = incident intensity; 

nc = number of unit cells in the crystal; 

F = crystal structure factor. 

Eq. (23) assumes negligible extinction; t he effects of 

extinction will be treated later. As sta ted 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 Eq . ( 23). 

The crystal structure factor F, wh ich relat e s the 

Coherent scattering from a unit cell to the contributions 

from each individual atom, or nucleus, in t he unit cell, 

Will now be derived. 

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

is related coherently with that from an atom at the ori­

gin by the phase factor47,48 e1P: 

Where s = dif:ference in path length between radiation 

scattered from an atom at x,y,z and that 

scattered from t h e origin; 

~= wavelength of scattered r adi a tion. 

The distances can be shown to be47: 

s = 2rsin9cos¢' (25 ) 
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r = di s t ance from t he origin to the atom at x, y ,z; 

g = "Rra gg angle; 

¢= angle be twe e n rand t he p eroendi cu l a r from the 

ori gin to the p l a ne (h,k,l) p assing throu gh 

x , y ,z. 

Also, 
r = ( 2 6) 

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

Eq. ( 24) : 

But 

and 

---+ 

(¾) .; = (hi .j. kJ .j. lk/ •· (xi .J. y j .J. zk) 

or 
-p 

(¾) "T : hx .j. ky /. lz 

Write: 

to obtain ~1 11 
, .l. na y : 

(28 ) 

( 29) 

(30) 

(31-a) 

(31-b) 

(31-c) 

p = 2 tr n [rue' I ky ' I l z rJ ( 32) 

Let E0 be equal to t he anplitude of the radiation 
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inc· d 1 .ent on t he jth atom , and E j be e qual to the ampli-

tude of' the radiation scattered .from the same atom, as 

measured at po.int R. Then48, 

E. f. i/. 
e J 

--1 = (33) 
Eo Rj 

Wh ere f'j = scatt ering amplitude o.f the jth atom; 

!JJ = 211n [ruc5 I kyj I 1zj ] 
Rj - distance .from jth atom to the point where the 

scattered amolitude E j is measured. 

Note that i.f the scatterer were situated at the ori-

gin, Eq . (33) would reduce to: 

E = .f -R ( 34) 

The resultant amplitude, Ee, due to scattering .from 

the ttnit cell will be given by: 

o:r b ' su stituting Eq. (33): 

E = E Z 
C O j 

f if . . e J 
J 

(35) 

( 36) 

Assuming that the distance Rj is very large relative 

to the dimensions o.f the unit cell, we can re-write the 
abov-0 equation as: 

( 37) 
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( 38) 

1
'lhere F = crystal structure f'actor . Compare .B:q . ( 38) 

vii th Eq • ( 3¼- ) which was derived f'or t he case of' a single 

at om located at the ori gin of' t he coordinate system . 

From Eq s . (37) and (38): 

F = ~ f if. j e J 
j 

(39) 

a.net Using Eq . ( 32 ) : 

"' _ 27T'i n /-h x '· ,/. k y J'· ,/. 1 zJ'· J .,_. .Z f. e - J 
J j 

( 40)) 

The crystal structure f'actor F is thus equal to the sum 

or the dif'f'erent scattering amplitudes multiplied by 
th i 

er respective phase factors. 

Us ing Eq . (40), the f'ollowing rules can be easily 

de:r,1 Ve ctl,47: 

a ) For body-centered-cubic monoatomi c crystals, 

F = 2f' f'or scattering f'rom planes in whi ch n(h f k fl) 

is an even number,--such as the (110 ), (200), and ( 211) 

Pl anes• d i , an F = O otherw se; 

b ) For f'ace-centered-cu bic monoatomi c crystals, 

F = l~t' f'or sca t teri ng f'rom p lanes in whi ch h , k , and 1 

are 11 a odd n1m1bers or all even numhers ,-- such a s the 

(lll), (200), and (220) planes; and F = 0 otherwise. 

The se two rules also hold f'or substitutional alloys 
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in a di sor dere d stat e . Rule ( a ) will be illustrated by 

mean s of t he silicon-iron alloy (3% Si and 97% Fe ) used 

in this invest i gat ion. 

The body-centered-cubic unit cell consists of two 

atoms located as fol l ows ( Se e Fi g . 4): 

atom 2 : 

There.fore , 

X _ ao y 
2 - - 2 2 , 

_ao --2 , 
z - ao 2 - -

2 

Substituting the s e values in ~q .(40): 

F - f e2~in[o] i 0.03 fs. e2171n[o] 
0. 97 Fe r- 1 

(41-a) 

(~.1-b) 

h k 11 2,., . [h .j. k .j. 
2
1 ] . [ .;.· .;. ,, 1n - -2rr - I f e 2 2 /. 0. 97 f Fe e ,iln 2 · 2 2 r- 0\ 03 Si 

(42) 

Where :r tt i 1· tude f i Fe and .fSi are the sea er n g amp 1 so ron 

and silicon respectively. 

Eq . (42) simplifies to : 

from Which it c an be seen t hat F = 2 ( 0. 97.fFe I 0.03.fsi) 

When n(h / k / 1) is an even ntunber,--such as the (110) 
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( 200), (211) p lanes; and F = 0 other wise. 

Slow neutron scattering is isotropic,-- the nuclear 

dimension is very small comnared with the neut ron wave­

l ength . This is not so for X-rays which are scattere d 

f'rom the atomic electrons whose distances with r e spect to 

each othe r (or with respect to t he nucleus) are compa­

r a.ble in magnitude to X- ray wave l engths usually employed . 
I-I 

ence, t h e scattering amplitude for X-rays (which is al-

vvay 
s Positive and is a monotonic function of a tomic num-

ber Z) must include the "atomic form .factor" which is 

tabulated or graphed for diff'erent elements as a flmction 
0 1' sin9/)\_ • 

C • 'I'he Ef f'e ct of Crysta l Refl ectivity on Neutron 

The neutron density in the 

r eactor core is described by the Maxwell-Boltzmann dis­

tribution: 

dn 
M(v) = dv 

Where M(v) = dn/dv = neutron density pe r unit velocity 

interval; 

v • neutronvelocity ; 

and v0 , t he mos t p robable velocity is given by : 

Where m __ 
1/2 mv2 

0 = 
mass of the neutron; 

k - Bol tzmann constant; 

kT (45) 
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T = neutron temperature . 

According to Hugh es49, the intensity of neutrons 

incident . . on a crystal sample 1s propor t iona l to the neut-
tron f' l ri 

UX p = nv , where n = n eutron density, neutrons/cm3 

and v = neutron velocity , cm/sec. Therefore , the flux 
d. . 1stributi on incident on the crys t al i s given by: 

~(v) = E-i. = C2 v3 e-(v/vo)
2 

(46 ) 

'Where 

dv 
In terms of wavelengths , since 

h 
mv 

~=wavelength associated with the neutron; 

h = Planck's constant ; 

m = mass of the neutron; 

v - neu t ron velocity 

(47) 

'We have 

t( 7\.) = i = C3 v5 e-(v/vo)2 

neutron flux int ensity per unit wavelength 

interval, neutrons/cm3-sec. 

The neutron distribution refle cted from the crystal 
isll,5o • . 

-;.._ 
Ir - ¢( A_ ) R (49) 

'Where / Ir - reflected intensity, neutrons sec; 

Rk = crystal reflectivity (integrated reflection),cm 3. 

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

ona.1 counter is modified by the sensitivity of the coun-
ter . Assuming a 1/v sensitivity, 
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(50 ) 
Where Co R. -- I count - r a te, neutrons1sec; and all the other 

quantities a r e a s defined previously . 

For a small , single crystal ori ented at the proper 

Br agg angle, the crystal refl ectivity is given by 

ZachariasenL~8 as : 

Ri'\, : QcS V (51) 
\-There Rt\. -- 3 crystal reflectivity, cm ; 

Q = crystallographic quantity defined below, 

dimensionless ; 

= volume of the small, single crystal . 

For the Laue method: 

Q = N~F2 i\_ 4 
2si n 2e 

Where NC number of unit cells per unit volume of = 
cm- 3 ; 

F - crystal structure factor , cm ; -
I\. = neutron wavelength , cm; 

9 - Bragg angle . 

Substituting Eq 0 (18) in Eq . (52 ): 

Q = 2 N&F2 A_ 2 ( d/ n ) 2 

Renee , f or a small, singl e cr ystal, the neutron 

count - rate should be : 

(52) 

crystal, 

( 53) 

(54) 

Where C. R . = t / neutron count - rate , neu r ans sec ; 
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Cs = a constant . 

For a l arGe , per fe ct cry s tal , t he crystal ref'lec­

tivity has been theoretically derive d by Darwin51 , 52: 

W-here Q _ 

Rll = QV tanh m_g___ 
mq 

crystal l ographic quanti ty given by Eq . 

or ( 53 ); 

V = Volume of' crystal irradia ted; 

(55 ) 

(52 ) 

m = number of ref'lecting p l ane s in the crystal ; 

a
nd 

q is t h e reflectivity of a si ngle olane of' unit cells: 

W-here 
Ne 

F 

;\_ 

q = 

= n umber of' 

N F ;\ d e· 

unit cells per vnit 

= crystal structur> e f'actor; 

= wavelength; 

= interulanar distance; 

= Bragg angle 

d 

Q 

Eq. (55) 
can also be written as 

(56) 

volume ; 

( 57) 

W-here 
A = area of' crysta l int ercepting r adi ation beam; 

to - crystal thickness. 

Row-ever , Eq. (55 ) underestima tes the ref'l e c ted in­
t ens:tty b ecause single crystals are not perfect , but can 
be c 

ons i dere d as consi sting of blocks misoriented at small 
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ano-1e • 
u s with respect to each other. The phenomenon of' 

e.x:t1n t · c ion is therefore not too severe with real crys-
ta1s. 

z .x:0erimenta lly, it has been f'oundl8,53 that f'or 
l arge 

crystals, the reflectivity is proportional to the 

s quare root of' QV: 

(58) 

W-here 7 __ 
mosaic spread, which is a measure of' the de gree 

of' misori enta tion of' the crystal blocks; 

to= crystal thickness . 

Theref'ore, the neutron count - rate f'or a large , r eal 

crystal is : 

C. R. (59) 

The experimental neutron count - r a tes can be p lotted 
a.nct th 

e ma.x:imum p oint of' the resulting neutron distri-

bution can be correlated with the maximu.m of' the theore­

tical Maxwell - Boltzmann velocity distribution in the 
f'o11 0 ~ing manner: since the cosine f'actor in the f'ore-
going 

equation does not vary mu.ch over the angular 

Posit· d t b ions involve d, the count-rate can be as sume o e, 

a:pn1>ox1rnately: 

C. R. ( 60) 

~he:t>e the exponent n. 3.5 for a l arge crystal, such as 
t he 11,- i 

~~ac1 s i ngle crys tal used in this investigat on . 
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For 
small crystals, n = 2 . 

By differentiating Eq . (60), the following relation­

sh i p can be seen to h old at the maximum: 

( 61 ) 

or i n ter>in s of wavelengths: 

( 62) 

In a g iven reactor core , operating at a given tem-
Pera tu.re ') 

, 11 0 is fixed . Hence , the wavelength i\,,.i,x-, corres-
Pondin t 

g o the maximum in the p lotted neutron count-rate 

di
st

ribution (Maxwellian curve) depends on the exponent 

n. The angular position of the Maxwellian curve maximum 
t heref 

ore dep ends to some extent on the size of crys tal, 

or crystal gr a in in the case of metals . For small-grained 

mater1 1 1 as where Eq . (54) is aDolicable , t he maximum wou d 
be 0 Jeoected to sh ift by a f ew degrees to the low energy 
(long 

Wavelengt h ) side, relative to that for l ar ge- grained 

material s. 



CHAPTER IV 

EXPnR IMENTAL APPARATUS 

A. Nuclear Reactor. The neutron beam from the 

East b e am nort of the University of Mar yland pool-type 

r eacto ( r UMR) l i censed for oper a tion at 10 KW (thermal) 

Was Used in these experiments. Between the reactor core 

anct the beam port are Jin. of graphite reflector, 1/2 

in. of Wate r moderator, and 1/4 in. of aluminum p l a te. 

Th e 54 Pr e sent fuel loading of the UMR consists of 19 

fuel elements with a fuel content of 2.7 kg . of U-235. 
The t Uel elements are distributed as follows : 

a) three 6-plate special elements holding the 

control rods; 

b) thirteen 10-plate elements; 

c ) one 5-olate element containing the "glory hole" 

for i rradiation at the center of the reactor core where 
the 

neutron flux is highest; 

d) one 4 - plate element at t he front side of the 
Core 

among t he graphite reflector pieces; and 

e) one 9-plate element in position C-4 near the 

" glorY-hol n e . 

The exact positions of the fuel elements are depic-

tect i n Fig. 5. Each fuel plate contains about 16 g . of 
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D- 235 excep t "!:or the 5-plate {"glory hole") element, the 
4- Plate element, and a 10-plate element at the southeast 

corner o-r the core, which contain about 18 g. o"J: D-235 

Per Plate. 

The estimated thermal-epithermal neutron flux54 is 

3 X loll neutrons/cm2-sec. in the "glory hole" at the 
center .p 0 ~ this core, and the epithermal "t:lux , as measured 

With al · 10 / 2 uminum "!:oil, is apnroximately 10 neutrons cm sec. 

at the same position . 

The thermal neutron flux at the inner face of the 

East ben,.., 55 56 5 lO / =·· port , is apnroximately x 10 neutrons 

Photographs o"t: the reactor core , the control con­

sole , and other equipments used in this thesis research 

are shown in Appendix A . see also Fig . 6 . 

B. Neutron Beam Colli mator . The neutron beam was ---- ·-
Collimated by t 1 f d d th two beam por pugs , one o woo an e 

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

ough the middle . The wooden plug, 7-3/4" in diameter 

X 31" i n length, consisted (Ii) f a block of 2" planks glued 

together, which was then turned in a lathe . At the start 

Of this thesis research , the wood was tested for induced 

radioactivity and this was found to be mainly due to 

Mn-56 With a half-life of 2 . 6 hrs . The paraffin plug, 

8-1/411 in diameter x 31 11 in length , consisted of paraffin 

Poured into a casing of aluminum with 2 in.-dia . aluminum 



37 

t ube set in the middle. 

Outside of the two p lugs, the n eutron beam was col­

lima ted by l ead bricks, each 2 11 x 4" x 8", with an 

aperture 1/2-in.wide and 2-in. high. The lead brick-

a or was surrounded by solid concrete blocks, each Collim t 

block 3 - 3/Li." x 7-3/~-" x 15-1/2" . see Fi g . 7. 

A pedestal of lead bricks with a total thickness of 

16 · in., sitting on concrete blocks , was pl a ced in front 

of the main beam to serve as shielding fo r the neutrons 

cominp.; di ~ rectly from the reactor . 

The neutron beam intensity was measured directly 

at the start of this study and found to be equal to 10
7 

counts pe r minute as counted by the boron trifluoride 

detect or and scaler to be described below. 

C. Goniometer. The goniometer consisted of an 

X-ra y goniometer base which was modified by adding a set 

Of d'f 1 
ferential gears such that its two arms could rotate 

at a 
2
-to-l ratio , one arm was able to move along a scale 

·whi ch was fixed to the goniometer base , This s cale had 

an a. ccuracy of 5 minutes of arc , To the other arm was 

attach ed a 7"-dia , cylinder of varaffin , 14" long , with 

a. 111 -dia, hole through the middle for holding a l"-dia, 

BF 3 neutron detector. This detector arm had its own 

scale, With an a ccuracy of 10 of arc, but an additional 

scale Was attached to the metal floor of the goniometer 

and a Pointer was attached to the wheel assembly holding 



Up the Par affin c y linder. A sketch of the goniomet e r 

is sh0 r.,,,.. 
•v u in F i g . 8 . 

The goni ome ter coul d be used in either of three 

'Wa.ys : 

l) The detect o r coul d be held f ixed a t a given 

an gul ar position with respect to the neutron beam from 

t h
e reactor , and the samule rotated independently of the 

dete ctor. Experimental results o btained in this manner 

a.re d • 
esienated as "rocking curves." 

2 ) The sample could be locked on to the de tector at 

a.n y samole position, and the samole a nd detector rotated 

togethe r at a h t h l-to-2 r at io. Int is manner, e detector 

angle With respect to t he main neutron beam could be held 

B.t t-wice 
t he Brag r angle of the r efl e cting p l anes of the 

s a.rnn1e 
• Resu lts o b t aine d thus are designated as "Maxwel-

li 
an curves." 

3) The samp le could be held fixed with r esoect to 
the main beam, and the detector rota ted about the sample 
to 

give wh a t are herein desi gnated as "Laue curves . " 

The maximum rotation for the samp le arm wa s about 

For g re a ter ease in taking measurements , the gonio­

l'lleter 
Was p laced in such a p osition so that the main 

neu tron beam fell at a sca le r eading of Li.J . 5° . Therefor e , 

Br a g 
· g angles are o btained by subtra cting t he scale read-

i 
n g , from 43,5°, thus : 

= 43 -5° - ( 63) 
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D. Nuclear Instrumentation. An RCL Model 10502 

BF3 proportional counter was used to detect neutrons. 

This detector was filled with 96%-enriched B1°F
3 

at a 

Pressure of 12 cm. of Hg and had an active volume 1 in. 

in diameter 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 BF3 detector was connected to a Nuclear Chicago 

ltrascaler Model 192-A operated at an input sensitivity 

of 2 millivolts and a high voltage of 1450 volts pre­

Viously set by counting plateaus . 

A Nuclear Chicago Model 1620 Geiger tube radiation 

monitor was placed beside the shield of concrete blocks. 

The rad· d b thi it iation intensity as measure y s mon or was 

approximately 1 mr/hr . with the reactor at 10 KW . 

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

42321 X-ray spectrometer was also used to verify lattice 

spacings and compare x-ray diffraction measurements of 

Preferred orientation with those obtained by neutron dif­

fl"action. In t h.is X-ray apvaratvs , the sample holder and 

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

a gg angle range of about 45° . A copper target tube was 

Used With a nickel filter to give a monochromatic beam of 

l . 54 Ane strom (A) K - oC X-rays . To cut down unwanted 

fluorescent radiation from the steel samples being 

investigated, thin aluminum foils W3!'8 placed in front 



of' the Geiger t ube counter whi ch was connected to a 

Honeywell Drm•m Electronik Model No. Yl 53X ( 58 ) 30 -mv. 

recorder . See~ - 9 -'- ig . • 
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CHAPTER V 

PROCEDURES AND MATE:RIALS 

A. Data Taken . AccordinG to Boas1 , preferred orien-

tation in a 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 radiPtion were used , the main 

orientation can be found by adjusting the positions of the 

sample and detector until a diffraction pe ak occurs. By 

adjusting the detector position , the value of the Bragg 

anple is found which corresponds to the radiation wave­

length for the particular planes beine reflected from, 

8nd by adjusting the sample posi tion, the reflecting 

Planes are p l aced in just the right position for Bragg 

reflection. 

Rowever , if polychromatic or "white" radiation is 

Used , the detector can be placed at any angula.r position 

nnd only the sample ori entation need be adjusted because 

there will always be a part:tcular wavelength which will 

satisfy Bragg 's condition for diffraction, provided wave­

lengths are present which are short er than 2d, where d 

is the interplanar spacing. 
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In the case of neutron diffra ction, t he low ener gy 

neutrons in th0 re a c t or core are dis t ributed in ener gy 

following t h e Maxwell-BoltzmanrJ di s tri bution law. Ac­

cording to Hughes49, t r e n eutrons coming from the reactor 

core should have a Maxwellian flux distribution., which 

is equal to t he Maxwellian velocity distribution multi­

pli e d by t he neutron velocity,v. Neu trons diffract e d 

from a rotating crystal, or from a mat erial t h at is 

oriented, sh ould .follow closely the Maxwel1ian distri­

bution, though modi.fied by the reflectivity of the sam­

ple which may be a function of neutron velocity. 

Essentially then., if the sample is oriented with 

resp ect to the detector such that the angle which t he 

incident neutrons make with the re.fleeting planes is 

equal to the angle of reflection, and the sample and 

detector are rotated at a l-to-2 ratio, neutrons of par­

ticvlar wavelengt h s will be Bragg-reflected at the cor­

responding angles, and the angular distri bution o.f the 

diffracted neutrons will follow the Maxwell ian distri­

bution, suitably modified by sample reflectivity . Mea­

surements obtaine d in this mB_nner are shown in the .form 

of Maxwellian curves . 

If t h e maximum in the Maxwellian distribution o.f 

neutrons .from the reactor can be determined by means o.f 

a single crystal of known orientation, then the main 

orientation of any given sample can be determined .from 
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the p osition of the maximum in that sample's 1•'.i:axwellian 

curve. 

On the other hand, the scatter, or variation, about 

the main ori entation can be obtaine d by keeping the de­

tector fixed at twice t he Bragg angle for the e st imat e d 

maximum of the Maxwellian distribution and then rotating 

t he sample, or "rocking " it about the Bragg ane l e . If 

the sample were a single crystal, such a 11 rocking curve" 

Would consist of a single diffraction peak. For highly 

oriented materials, the rocking curve would consist of 

several peaks grouped about the main orientation. 

If the sample is kep t fixed at a given angle, and 

t h e detector were rotated, the curve obt ained would con­

sist of a single peak occuring at twice the Bragg angle 

for the particular orientation of the sample. such a 

curve, herein designated as the "Laue curve, 11 would cor­

r e sp ond somewhat to the Laue Method of X- ray diffraction. 

However., as far as the determination of pref'erred orien­

tation is concerned, its main disadvanta~e l ies in the 

f act that the wavelength responsible for t he p e ak in the 

Laue curve is not known, and recourse must still be made 

to the Maxwellian curve to determine t h is wavelength . 

The averaGe orientation of a selected crystallogra­

phic axis is determined relative to some important direc­

tions of the spe cimen. In the case of the rolled sheets, 

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



or alternativ e l y , the dire ction perp endi c u l a r to t he 

rollini p l ane; (b) the direction parallel to the rolling 

dire c tion, R. D.; and (c) t h e cross-r ol l ing , or transverse, 

direction , C. R. D. , which lie s on the rolling p lane , per­

pendicular to t h e rolling d i rection . 

The samp les used i n t h is investigat ion were p osi­

tione d relative to these important sp ecimen directions 

and to t he incident and r eflected neutron beams in the 

manner depicted in Fig . 10 , with the designations as 

labelled in t h e fi gure . 

B. Materials Investigated. A so dium ch loride ( NaCl) 

sing le cry stal was used t o de termine t he Maxwellian dis­

tri bution of neutrons .from the reac t or . The NaCl single 

crystal, from Isotope s Inc ., was 2" x 6 11 x 1/2", cu t so 

that the (100) p lanes were parallel to the r e.fleeting f a ce. 

The major portion of this study dealt with Si-Fe 

e l e c trical shee ts o bt a ine d from Armco Steel Corp. and 

1•Test inghouse · ;•1 e ctric Co . The following table list s the 

different Si-Fe electrical sheets invest i gate d for p re­

ferred orientat ion : 

Table I 

Characteristics of Si - Fe Electrica l Steels 

Arsr 
~nation Nature Thickness 

M-5 Grain-oriented 11 mils 

Si Content 
Core Loss 
at 60 cps and 
15 Kgauss 
o.58 watt s/lb . 
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Table I (continued ) 

AISI 
~signa~ion Nature 

M- 6 Grain- oriented 

M-19 Non- oriented, 
cold- reduced 

M- 22 Non- oriented, 
hot- rolled 

':l.1hi ckness 

14 mils 

rr 

25 

Thin, oriented 4 mils 

O. T. s . Thin , oriented, 4 " 
special ly 
processed 

Core Loss 
Si Content at 60 cps and 

15 Kgauss 
2 . 96;{, 0 . 64 watt s/lb . 

2 . 94% 

2. 86% 

2.35 II 

2 . 63 II 

Core Loss 
at 400 cp s and 
15.5 Kga~ 
6. 85 watts/ lb . 

II 

(AISI stands f or Ameri can I ron and stee l Institute ). 

Ni ckel - iron ( Ni - Fe ) alloys with the i'ollowing cha­

racteristics were also examined for pr eferre d orientat ion 

by neutron diffraction: 

Table II 

Characteristics of L~B;'t Ni-Fe Electrical Sheets 

.2°signation - --
48 - Ni 

Orthonik 

Nature 

Ori ented, 
fine - grai ned 

Thi ckness Ni-content Si- content 

14 mils 

Oriented, 13.5 II 48 . 2%, 
cube- text ured , 
i'ine - grai ned 

The cube - textured s i l icon- iron ( Si - Fe ) electr ical 
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sheet used i n this investi ;;ation was supDlied by ~Jesting­

house Electric co . Detailed characteristics of the mat e­

rial are not available , except for the sam9le t h i ckness 

Whi ch was 6 mi ls . 



CHAPTER VI 

EXPER Il-1EHTAL RESULTS 

A. Sodium Chloride (NaCl) Single Crystal . In1tial 

ex~eriments were made with the NaCl sine le crystal to ob­

t ain the r-Taxwelllan dis tribution o:f the neutrons :from the 

r eactor core. Fi g . 13 sh ows the rocking curve obtained 

with t h e BFJ detector fixed at an angle of 27° with res­

pect to the main beam of neutrons from t he r eactor. The 

angular r esolution, as Biven by the width of the peak at 

half the maximum height , is ap·') roximately 2° which is ap-

Proximately equal to the angule.r resolution obtained by 

Lowctel 7 • The peak-to-background r at io is about 10-to-l, 

t he background being partly due to incoherent scattering 

from the crystal. 

The NaCl single crystal was locked on to the detec­

tor at t he center of the peak and the Maxwe llian curve 

Was obtained by rotating the detector , with t h e crystal 

following at a l-to-2 ratio . Fig . 14 shows the Maxwel­

lian curve so obtained and is compared with the calcu­

lated Maxwellian v elocity distr1bution curve and the 

Calculated :flux distribution curve . 

According to Hughes49 and Bacon and Thewlis50, the 
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neutron f'lux leaving the core and impingins on the samp le 

sh ould h ave a Maxwellian velocity distribution multip lied 

by the velocity v. 

From the theory of crystal diffraction, t he integrated 

refl e ction from a thick , perfect crystal should be pro­

portional to the neutron wavelength/\.. (See Eq. (57) on 

Page 32). If the det e ctor has a 1/v sensitivity, then 

t h e count-rate sh ould be p ronortional once a gain to the 

flux distri bution. The comnl e t e derivation of t he se re­

lationshi p s is given in Section C of Chapter III. The 

final result is: 

C. R .= cv3exp[=.(v/v0 ) 2 _7 
Where C = a constant 

v - neutron velocity 

l/2mv~ _ kT 

V 0 = most probable velocity 

T = neutron t emperature 

k = Boltzmann's constant . 

(64) 

This is the same result arrived at by Goldberger and 

Seitz11 , sturrnl2 , and Bacon and Thewlis5°. (For Sturm 's 

0 Xpression, see page 8 of t h is thesis). 

The experimental Maxwellian curve shown in Fi g . 14 
has its maximum at a Bragg angle 9 = 13° (9 1 = J0 .5° ). 

From Bragg 's equation n A= 2dsin9 with n • 2 and d • a 0 

= 5 . 64 A for t he 2nd order reflection from the NaCl (100 } 

Pl anes, the neut ron wavel ength at t he Maxwellian peak, 
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~ max= 1.3 A is obtained . The wavelength corresponding 

to a neut ron energy of 0 . 025 ev is 1. 8 A. 

By mat ch ing the co.lculo.ted flux distri but i on curve 

e;iven by Eq . (64 ) to the experimental curve at the maxi ­

mum, a neutron temperature of approxim.-.tely 100°c is 

obtained. On t he other h and, by mat ching the calcul ated 

Velocity dis t ribution curve, Eq . ( 41..~) to the experimental 

curve , a much hi gher neutron temperature of ap r:i roximately 

2800 is obtained . 

The velocity at the maximum of the flux distribution 

cu rve given by Eq . ( 6L~), Vmax., is r e la ted to the most 

nr obable velocity v
0 

by: 

( 65 ) 

From t his relationship , and t he de Broglie formula : 

(\_ = h/mv, ( 47 ) 

Using l'l max . = 1.3 A , the most pro babl e vravelon gt h oi' t h e 

core neutrons is found to be A
0 

= 1.6 A. 

The use of Eq . ( 61.~ ) presupposes that the NaCl single 

crystal is a perfect crystal, which i s not true . Accord­

ing to Br age:: , Darwin, and James.58, NaCl is f ar from being 

a perfe c t crystal . Onl y a few crysta ls, such as di amond, 

t end to ao~ roach t he characteristics of a perfect crystal. 

As shown in section C of Chapter III , the correct 

expression to use for a large, real crystal would be Eq. 
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(59) Which is repeated here : 

UsinG this equation, the calcula ted neutron distribution 

is Plotted in F i g . 15 tog ether Hith t he experimental da­

t a . Substituting the value of the exp onent n = J.5 and 

/l. 
max . = 1 . 3 A in Eq . (62) on page 34, ~ o is then calcu-

J.atect to be 1 . 7 A. This corresp onds to a n eutron tempe­

r a ture of 61°c . In t he ensuing computations, the value 

h0 = 1 . 7 A wi ll be used . 

B. Grain- Oriented Silicon-Iron ~ l e ctrica l Sheet s . 

1 . M-5 Reflec tion Diffra c t ion Curves . Fi g . 16 

shows the rocking curv es of 4 sheets of grain-ori ented 

M-5 taken at 29 • = 36° and 29 1 = 46°. As design ated in 

the fi gure , t h e cross - rolling , or transver s e, direction 

Was in the p l ane of the incident and r efl e cted neutron 

beams . See Fig . 10 . 

A f'ew prominent pe aks csn be obse r ved in F i g . 16 . 

These a r e apn arently due to large g r a ins , and it can be 

seen that the r e f l e c ting planes g iving rise to these pro­

minent peaks are v e r y ne arly par ,9_ llel to t he rolling 

Plane of t h e samp le as indi c a ted by the angle ¢= o0 in 

the .figure . A p h otomicrograph of a.n M-5 samp le tak en at 

a magnifi cation of about lOOx is shovm in App endix B. 

The dotted curve in F i g o 16 is the Maxwe llian curve 

obt a ine d by cente ring t h e samp l e on the highest peak of' 
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the lower ro ck i ng curve. The max imum of t h e Maxwellian 

cu rve i s close to Q
1 = 25° whi ch corre spon ds to Bragg 

angl e Q = 18. 50 . 

For l a r ge crystal gr ains , 7\. max . may be c alcul a ted 

.from Eq . 62 with n = 3. 5 and /l
0 

= 1 . 7 A: 

!lmax , '° fE (/. 7) 

from Which t he value /\.. max. = l . J A is obtained. 

From the Bragg formula : 

n /(_ = 2d sin9 (18) 

Wh ere d = w~ I< L f I L-

a o - lattice spacing = 2 . 86 A for b .c. c . Fe 

h , k , 1 = Miller indice s , 

t h e 1st order refJ.e c tion from t h e (110 ) planes is calcu­

l a ted to occur at 9 = 18 . 5° (9
1 

: 25° ) for a neutron 

wavelength of 1. 3 A. 

Fig . 17 is another ro cking curve .for the same M-5 

s ample conditions a s in Fig . 16 . The spe ctrum i s slight­

l y broader and the highest peaks slightly lower than in 

Fig . 16 . From t h e left si de of the spectrum, it can be 

seen that the maximum spre a d of t h e rocking curve is about 

15° · · ti f th -f'l t · 1 , i . e ., t he maximum devia on o ere~ ec ing panes 

from the rolling p lane of the samp le is about 15°. This 

agrees with t he finding s of .Bozorth27 and Burwe1128 men­

tioned previously in Chapter II of this thesis . 
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Fi g . 18 is similar to Figs. 16 and 17. Several 

Points on t he right-hand peak of t he upper curve demons­

trate the reproducibility of the data. 

Th e rocking curve for a 4-sheet M-5 sample in the 

rolling direction; i.e., rolling direc t ion of the sample 

in the plane of the incident and r eflected neutron beams, 

is shown in Fig. 19. The curve is narrower t han t he 4-

sheet C.R.D. sample, and the pe aks ar e higher. However, 

the increased height is partly due to the rectangular 

shape of the sample, 3 in. in the R.D. and 4 in. in the 

C.R.D., 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 4 sheets was rocked at the 

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

C.R.D. positions were compared. The results are shown in 

Fig . 20. Evidently, the peaks for t he R.D. sample are 

still higher than the peaks for the C.R.D. sample, though 

now in the ratio of 5-to-4 instead of 2-to-l. 

Fig . 21 shows t he rocking curve (solid line) for 4 

sheets of M-5 in the R.D. The lower dotted line is the 

background counting rate when the sampl e was removed. 

The upper dotted line is the Maxwellian curve for the 

Prominent peak. However, the rocking curve peak is most 

Probably not due to diffraction from a single large grain, 

but is due to several grains with very close orientations. 



53 

The maximum point o:f the Maxwellian curve occurs at the 

Bragg angle :for di:ffraction of 1.3 A neutrons :from (110) 

Planes, Q = 18 . 50, or g' = 250. 

A rocking curve and a Maxwellian curve for 1 sheet 

of M-5. R. D. sample are sh own in Fig . 22. The maximum 

count-rate is approximately hal:f t he maximum count-rate 

for 4 sheets o:f M-5 in the same pos ition. This is in 

a greement with the conclusion o:f Bacon and Lowdel8 that 

t he reflection from non-absorbing r eal crystals is pro­

portional to the square root o:f the sample thickness . 

(See Eq . (58) on page 33). 

The rocking curve in Fig . 22 also shows that the ma­

XL~um deviation of the re:flecting planes :from the rolling 

Plane is about 8-10° in the rolling direction., in agree­

ment with the results of Bozorth27 and Burwe1128 . As in 

Fig . 21., the Maxwellian curve maximum occurs at the Bragg 

angle Q = 18.50 {Q' = 250) . 

One important advantage o:f neutrons over X-rays in 

nieta1 dif:fraction work is the greater penetrating power 

of neutrons because o:f their lower absorption in most 

materials. This is shown in Fig . 23 which is a superpo­

sition o:f rocking curves for two M-5 sheets diffracted 

separately and diffracted together . The uppermost rock­

ing curve is very nearly proportional to the sum of the 

two lower curves, demonstrating that neutrons diffracted 

from the second sheet, in a sandwich of two sheets., can 
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Pass through the f irst sheet because of the low absorption 

coeffi cient . These curves aga in display a maximum devia­
t· 
ion of the re f lecting planes of l es s t han 10° from the 

rolline; p l ane mentioned previously in con.i.'1.e ction with Fi g . 

22 • The dot ted curve in Fi g . 23 is t he Maxwellian curve 

for the t wo sheets diffracted together, and it indicates 

a (110) p r e ferred orientation. 

2. M-5 Transmission Diffraction Curves. To 

determine completely t he main orientat ions of the unit 

ce11, or cube, with respec t to the sample, rocking curves 

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

fraction in the R.D. posi tion. (Fig . 24). The detector 

Was Placed at 29 1 
: 33° which corresponds t o a Bragg angle 

of 9 = 27° at which angle diffraction sh ould take place 

from (20 0 ) p l anes for neutrons of 1.3 A wavelength . Al­

ternatively, one may consider 2nd order diffraction as 

taking p l a ce from (100) p lanes for the same wavelength. 

The rocking curve for the single sheet shows seve­

ral faint peaks while the upper curve for 8 sheets shows 

a gradual accumulation of diffraction peaks due to re­

flections from (200) planes oriented perpendicularly to 

the rolling plane, with the L-200_7 direction parallel 

to t he rolling direction. Indeed, the Maxwellian curves 

for transmission diffraction in Fig . 25 taken together 

With the previous Maxwellian curves for t he M-5 sample 

in reflection diffraction, clearly demonstra te the (110 ) 
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L-001_7, or "cube-on-edge" orientation of the M-5 sample. 

The Maxwellian curves for reflection diffraction showed 

that the reflecting planes parallel to the sheet surface, 

or rolling plane, were pr e dominantly (110) planes, while 

the tranamis s ion Maxwellian curves show t hat t he reflect­

inG Planes perpendicular to the rolling direction were 

predominantl y (001) p lanes . 

The sample used in taking the data for Fig . 25 was 

3 in. in the R. D. and 4 in . in the C. R. D. As mentioned 

before , t h e rectangular shape gives rise to a geometri­

cal factor whi ch makes the count - rate in the R. D. about 

twice what it should real ly be . If the ratio of 5-to-4 

1'ound previously ( see Fig . (20)) is used, t hen 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. RoD . Maxwellian curve, 

as shown in Fi g . 26 . 

3. M- 6 Curves . Fig . 27 shows the rocking 

curves for a single sheet of M-6 samp le in the R. D. po­

sition, reflection diffraction at three different posi­

tions of the BFJ detector , corresponding to the Bragg 

angles for reflection from t he (211), (200), and (110 ) 

Planes , indicating a predominantly (110) orientation 

Parallel to t h e rolling plane . The maximum deviation 

of t h e reflecting planes from the rolling plane is again 

less than 10° . Presumably, the differences in he i ghts 
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cannot be due to angular variation of the crystal struc­

ture factor because neutron scatterinc; at these low ener­

gies is isotropic . In the case of X-rays , the atomic 

form factor, wh i ch varies with the angle 9 , 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 quite clear but the curves do not provide 

any new informa.tion because the wavelength responsible 

for a peak cannot be infer r e d from the <la.ta without the 

additional information provided by a Maxwellian curve . 

According to Lonsdale59 , " • •• Laue photographs • • • 

Will not give the s i ze of the unit cell , only its shape , 

because it gives a measure of angles only, not of 

spacing s . 11 

4 . Oriented Thin Steel (OTS) Curves . Fig . 29 

shows Maxwel1ian curves for 28 sheets of 4 -mil spe cially 

processed oriented thin steel ( OTS ) taken by transmis­

sion diffraction. Note the close simila rity of these 

two curves to those in Fig . 26 . As with the M-5 sample , 

a L-110 _/ orientation in the cross-rolling direction and 

a f- 200_7 orientation in the rolling direction are indi­

cated, although the relatively flat shape of the R. D. 

curve towards the low energy re gion indicates , the pos-
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si bility t hat other component s , notably L-211_/, are pr e ­

sent i n t h e rolling direction. 

Maxwellian curve s by reflect i on diff r a ct ion for sin ­

gle sh ee t s of OTS in the R.D. and C. R.D. positions are 

sh own in Fi g . 30, indicating a (110) orienta tion par allel 

to t he r olling plane. These OTS curves, toge t her with 

the transmission curves in Fi g . 29 demonstrate t he (110) 

L-001J main orientation of t he OTS electrical sheets. 

C. Cube-Textured Silicon-Iron Electrical Sheets. 

In contra st with the (110) orient a tion of t h e OTS rolling 

Plane, t h e Maxwellian curves for a cube-textur e d sample 

in t h e cross-rolling direc t ion are shown in Fig . 31, exhi­

biting the (200) orientation of its rolling p lane. The 

Production of cube-t extured silicon-i ron electrical sheet 

has been reported60, 6l, 62 , 63 but details of t h e manufac­

turing process are not known. 

The (200) orienta tion of t h e cube-textured sampl e is 

even more cle arly pronounced in Fig . 32 which shows rock­

ing curves at the Br agg angles for l.J A r efl e ctions from 

(110), (200), and (211) planes. The e110 peak is very 

evidently dep ressed relative to t he g200 p eak , wh ich is 

in direct contrast with the M-6 rocking curves of Fi g . 27. 

The cube-textured sample is strongly (200)-oriente d rela­

tive to t h e rolling plane . However, a (211) component 

is also p rominent in the cross-rol l ing direction . To 

complete t h e de termination of its main or i entat i ons, 
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Maxwe l lian curves for t h e oth er samp l e p osi t ions were 

t aken. See F i g . 33 . While t he p r e s ence of' a (211) 

comp onent i s i n dicate d by t h e C. R . D. Maxwellian curves, 

t he R . D. curves show tha t t he g r a i n s a r e pre dominantly 

( 20 0 )-oriented with resp ect to the rolling direction. 

In F i g . 33, t h e OTS Ma xwellian curve £'or t h e r oll ing 

P l ane ori enta tion is plotted for comp arison . X-ra y sp ec­

tra of' t h e M- 5 and cube-textu red s amples are sh own in 

F i g . 11 . Accordin g to Fig . 11 , t h e M-5 sheet surf'ace is 

p r e dominantly ( 110 ) -oriented, while t h e sheet surface of 

t h e c u be - t extured sample is predomina ntly (200)-oriented. 

D. Non-Oriented Ele c trical Sheets . In the nex t 

fi gure , ( Fi g . 34) , are rocking curves £'or 1 and 5 sheets 

of 25-mil M- 22 , wh i ch is clas s if'ied as non- ori ent e d Si­

Fe el e ctrical ste e l by the manufa cturer. These curves 

were tak en by reflection diff'rac t ion , a nd t he relat ively 

smooth shap e a n d lower count ing r a tes do indica te t h at 

t h e ma t e rial is not " gr a in-oriented" a s a r e t h e M- 5 and 

M- 6 s ampl e s . Note t he simi l arity of' t he se curve s to the 

M- 5 t r ansmission dii'fra ction r ocking cu rves . The lack 

of' p rominent p e aks indic a tes small gr a in-si ze for the M-

2 2 samp l e . A p h otomi c r o graph of an H- 22 samp l e taken a t 

a ma gnif'i c a.tion of about lOOX is shown in Apu e n dix B. 

"Maxwel l ian curves for M-19 and M-22 s amples are 

c ompared in Fi g . 35. Both M- 19 and M- 2~ s amples con­

siste d of 5- sh eet sandwich es , and both were cu t to exa c t -
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ly t he s ame s ize a n d shape. The Maxwelli an curve f or 

t h e N-19 samp le is more peaked than tha t for t h e N-22 

s amp le, indica ting a g r ea.t e r de p:r ee of p r efe r r ed orien­

tation of t h e fo rmer . 

The p eak of the }fax Helli an cu rve s occurs sligh tly 

to t h e left of t h e expected an gul ar position f or the 

Bragg sca t t ering of 1.3 A neu trons from (110) ref lecting 

p l anes. This is most p robably due to the fine- grained 

n a ture of the M-19 a n d M- 2 2 mat e rials wh ich would t h en 

make t h e case of diffraction .from sma l l crys tals app li­

cable. As shown in s e ction C of Chapter III, t h e count­

r a tes for diffraction from small crystals should have a 

maximum which is displaced slightly towa rds the low ener­

gy side relative to that from larg e crystals. 

The se curves also indicate t hat the re is some de gree 

of' p ref'erred orientation present in 11non-ori ented 11 elec­

trical sheet. Inde e d, there is usua lly some de gree of 

preferred ori e nt a tion p res ent in most cold-worke d or an­

nealed metals; just as, in t h e opposit e extreme , p referre d 

ori ent a tion ls n ever perf ect, - - t h ere is always some 

scatter about t h e main ori entation. 

E. L~8% Ni-Fe Alloys. The la s t fi gure ( F i g . 36) 

dis pl ays the Maxwellian curves for 8 s h eets of 14-mil 

~.8 - Ni and 13 . 5-mil Orth onik which a re L~8% ( by weight) a l­

loys of nickel and iron. According to t he lit er a ture~.3,44 

481a Ni-F e is f a ce-centered-cubic in s t ructure, with a lat-
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tice sp acing of 3. 58 A. Using this valu e , the Bracrn an-

c;les f'or ( 220 ) and (200 ) reflections are .found to be 9220 
:: 31° and 8200 = 21° .for 1.3 A neutrons . Fig . J6 t h en 

indicates that L,_G - Ni contains both ( 220) and ( 200) orion-

tations parallel to the roll ing p l ane , while Orthoni k is 

ID'linly (220 )-oriented with respe ct to the rolling p lane . 

X-ray diffraction 9atterns o.f these two materials support 

the above fi ndings; the X- ray suectrometer dat a (See Fi e . 

12) shows peaks o.f anp roxima tely equal height at the 220 

and 200 Bragg positions of the 48- Ni sru ~) le ; with t he Or­

thonik sample, the 200 ueak is depres s ed nnd the 220 peak 

either increas ed slightly or remained t he same . '11hese 

finding s sh ow that t he Ni - Fe s amples investigated were 

not cube-textured. This is be cause they had not yet under ­

gone the annnealing proces s which results in the 11 cube - on­

.face11 or (100) L-001_7-orientation. 



CEAPTBR VII 

SlJMJ',IARY AND CONCLUSIONS 

A. Advantages of Neutron Diffra ction over X-Ray 

Qiffraction 0 In the study of preferred orientation in 

metals , neutrons possess the advantage of being weakly 

absorbed in most materials. Hence , they can pass through 

greater thicknesses of samule than can X-rays . With 

neutrons, it is therefore not necessary to diffract a 

larg e number of thin samples to obtain a statistically 

significant result 23. 

With X-rays, the diffraction patterns obtainable are 

limited to samp le 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 t h e other hand , neut­

ron absorption is practically ne gli gible (the half-thi ck ­

ness of iron for neutron absorption is about 500 mils ) 

and the sample thi ckness is limited by the phenomenon of 

extinction. For real crystals , the reflectivity varies 

aPn roximately 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 sect ions 

61 
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ne ar to t he sur.face facing t h e neutron beam . 

B. ~-dvant ages and Disadvant a ges of Si nglo Di.ffrac -

tion - · The use of single di.ffraction in studying pre -

ferrect orienta tion is limited to materi al s with simple 

s t ructure . I f t he material has a fairly complex struc­

ture, then a monochroma tic beam is r equi red to pro duce a 

diffra ction nattern which can be interpreted. On the 

other h8nd, for simple structur·es , such as body-centered­

CUbic iron, the diffrRction Patt erns are limited to cer­

t ain reflections , such as the r eflections from t h e (110) , 

( 200) , and ( 211 ) p lanes . 'rhe angul ar separations between 

these re.fle c tions are wi de enough so t hat the resulting 

Pattern obtained with a polychromatic beam can be inter­

preted . 

The main advantage o.f single diffraction is that the 

r eactor beam is used directly without going through the 

monochromatizing process . Hence , a more intense beam is 

available .for diffraction. 

This study also indicates t hat it may be p ossible to 

correlate the Maxwelli an pattern o.f a given sample with 

grai n size . 

C. Sodium Chlor i de (NaCl ) Single Crystal. In thi s 

study , the NaC l s i ngl e crystal wa s us ed to obt a in the 

Maxwellian spectrum of the r eactor neutrons , and this 

information was subse quently used to det ermine the p l anes 

resoonsible for diffract ing neutrons in the samples being 
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investig ated . The exp erimental Maxwelli an curve i'rom 

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

With c a lculated curves for three cases : reflected beam 

directly p rop ortional to 1) the Maxwellian velocity dis ­

tribution; 2) the Maxwellian flux distribution from a 

perfect crystal; and 3 ) the Maxwellian flux distribution 

:from a real crystal whose reflectivity ls e;iven by l!:q . 

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

·· , q. ( 2 ), ha s been used t o fit t h e I1axwellian curve ll,12, 

it is believed that the third method of computation using 

Eq . ( 59) is more corre c t be c ause it is a pplicable to a 

real crystal r a ther than to a perfe c t crystal. On this 

ba sis , a neutron tempera t ure of 61° is obt a ined i'or the 

core neut rons of the Univers i ty of Maryla nd r e a ctor. 

D. Preferre d Orientation in Grain-Oriented Materials . 

The data show that preferred orie ntation in high l y orien­

ted materials c an be convenient l y determined by sing l e 

diffraction techniques usin~ neutrons. The (llO)f-001_7_ 

orientation of t he M-5, M-6, and OTS electric a l sheets 

has been clearly demonstrated, as we l l as t he (100 ) 

L-001_7-orientat ion of the cube - textur8 d samples . The 

X-ray p a tterns shown in Fig . 11 do verify the (110)-orien­

tation of the N-5 sheet surface and the (100 )-orientation 

of the cube-textur e d sheet surface, in a gr eement with pre­

Vi ous finding s26, 27, 28. 

E . Non-Oriented Materials . The rolling p l ane orien-



64 

t a tions o.f materials classifi ed a s non-ori en t ed h ave also 

been de termine d an d compa r ed in t wo s ampl es : M-19 and 

M-22 . Howe ver, i t is doubt.ful i.f transmis s ion di.ff raction 

mea su r ements on these s amp l es can gi v e s i gni.fi cant r esults 

be cause they are weakly orieh te d. Henc e , it is poss i ble 

t h at of t he main orientat ions along t he t hr ee di rections 

o.f the sa.nro le (rolling p l ane, rol l i ng direction, and cross­

rol l i ng direction), only t hat i n the rollin g p l ane can be 

det er mine d. 

General Conclus ions. From t h i s study, t he .fol-

lowing general conclusions can be drawn: 

a) Preferred orient a tion in rolle d metallic sh eets 

can be det ermined u sing single diff r action of neutrons; 

b) Th e techni ques employed in t h is s t udy work best 

With h i gh l y orien te d material s , e specially those with 

rela tive l y l a r ge grains; 

c) The be st results are obtaine d by r e.fle ction di.f­

r a ction• , 

d) Transmission difi 'ra ction i s a lso poss i bl e alth ough 

t he counting sta tistics are not 0.s good as t h ose obt ained 

by reflection. However, bo t h t ypes of di.f.frac t ion (re­

.fl e ction a nd transmission) are r equire d f or a complete 

det er mina tion of p r e f erred orienta tion; 

e) Edge -on diffra ction has not been at t emp t e d. How­

e ver, inf orma tion obt ained in t h is manner is not n eces­

s ar y for t h e complete determinHtion of pr e f e r r e d orien-
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tat i on; essentially t he same inf ormation c a n be o btained 

by t aking reflection a n d transmi ssion measurement s at 

different inclinations of the sample's zenith angle with 

resDe c t to the neutron beam; 

f) Data ootaine d so far i ndicRt e that a comp lete 

p ole .fi gure c an be dra.l•m by t ak i n g r ocking curve s at dif­

fe r ent i n clinat i ons of the sa1np l e to the neutron beam. 

C. Reconnnendations . The fo lloi-ring program for fu­

t ure work on i mproving the exo erimental a_pDa r atus is re­

commende d : 

a ) The neutron diffra ctome t er c an be i mproved by: 

l) providing a s ampl e h olde r which can be rotated in small 

i n c rements o.f azimuth and zenith angles 64; and 2) naldng 

it p ossible for the count e r to rotate azimuth ally through 

l 80° ins t ead of j us t 90° , a lth ough this will probably 

r e quire an entire l y new g oni ometer . The first modifica ­

ti on shou ld make the detailed p lottin g of pole figures a 

v ery s imple , though still a time-consuming , proc edure . 

Tith t he se c ond mo di f ication, additional reflecting planes 

c an be observe d, such as the ( 222) planes in iron whi ch 

are oresently out side the rane e of the goniometer . 

b ) More compact shielding u s i n g bora ted mat erials 

should be provide d . This will be necessary if tho r eactor 

p ower is brought u p to l00KW . 

H. ProEosed Future studies . 

a ) Furthe r work on p r eferred orient a tion deter mi n a-
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tion by single diffraction still need to be done: 1) 

Complete pole figur e s of some of the materials already 

ava ilable should be made . A com_oarison of' the L-100_7 
and ,L-110_7 pole fi gures of the "cube -on -edge" and cube­

textured samples should provide useJ'ul , as well as in­

teresting, information. 2) By reducing the neutron beam 

collimator width and improving the coll imation from sam­

Ple to detector , the slight shift of the r,;axwellian peak 

due to extinction could be studied more carefully; this 

mi· ght be able to provideinformation on sample grain size 

Whi ch can be correlated with other methods . For such a 

study, i mproving the angul ar r esolution of the ap9aratus 

by incree.sing the distance from sample to detector would 

be desirable. 3) A thorough investigation of the effect 

of sample thickness on the Max1,rnllian curve mi ght lead to 

a better understanding of extinction effects . 4) The 

48'.¼ nickel-iron alloys r equire further inves ti e;at ion, par­

ticul~rly to verify their cube-texture . 

b) Pr eferred orientation studios on metals oth er 

than ele ctrical sheets should also "be undertak en; double 

crystal diffraction techniques should urovide mor e in­

f'ormation on materials whi ch are vJ9 akly oriented than can 

be obtained with single diffraction, particularly where 

several com Jonents are present . 

c) Diffraction techn i ques can be apQ lied t o non­

metallic materials such as rubber and plastics ; but it 
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is beli e ved that double diffraction may be required . 

d) The effect of stresses on neutron diffra ction 

p atterns can be inve stigated . 
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APPENDIX A 

Photograph 1 
The Heactor Control Cons ole 

Photograph 2 

The Univers ity of f aryland Nucle ar Reactor 
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Photograph 3 
The Control Rod Drives 

Photograph 4 
The Reactor Core 
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Photogr aph 5 
Concrete-block Shielding and Diffractometer 

Photograph 6 

The Diffractometer (Goniometer) 
Showing BF 

3 
Detec·tor 
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Photograph 7 

The Nuclear Chicago Ultras caler 

Photograph 8 

The Nuclear Chicago Radiation Monitor 



APPENDIX H 

Photomicrograph 1 
M-5, lOOX 

Photomicrogr aph 2 

M- 22 , l00X 
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