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AB~TRACT 

Reflifltivity measurements were ma'ie of ordere1, 

1isor1ere-1 an1 tnterrne1-.ate states of' orrier-'Hsor1ere1 

spec irnens of Fe 3.1\1 while being _. rra 1 ta ted by nen trons . 

All the specimens were irrarliate4 at arnb1ent temper

ature, approxtmately 35°C -.n a mo1~fie1 Bulk ;hiel'i~ng_; 

~wirnrning Pool type reactor. The or1erei an1 near or1ere1 

specimens 1ncrease1 in resistivity in1icatin~ d1sor4er1n~ 

crease1 in resist1v1ty tn-1icating an or-1ering process wds 

occuring. By extrapolation, an eq,11libriurn con1~t1on waf' 

-1eterrn_.n '1 and '?Stirna t:>1 it 13! -135 micro -ohms -ern r·.~-

it d 2 2! I 2 T sistiv y at a . ose of 1.! x 1~ n ern . his is the 

estimated resistivity that ''~~OU11 remain constant 1uring 

irradiation because the ordering ani 1isorderin~ aff'ects 

of ne,J.tron irradiation woul1 be tn equil ibriurn. 

ii 

The ternperatur~-~ effect was very nronounce1 1ur1np; the 

1nit1al hour or two of reactor operation as indicate1 by 

the high damage rates tnc,n>re1 'iur~ ng; th ls per-. orl ( 5 - 2'J x 

l'J-li_rnicrot_-oh/s-2~) r~.fter 1ntti1l n.erio<i was pas!=!e1 the · ne11 ron em · 

A t A A t !"\ • 5 _ 5 X l 'J. -li_Tn 1_ C r2- :_Q_h..!!!,~::=_C~ 1arnage ra e 1roppe1 o J neu~ron 1 crn~ · 
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CHAPTER I 

INTRODUCTION 

1 

Thls investtgat1.on was uniertaken to determine the 

effects of neutron irradiation on tl-).e electr~cal resistivity 

of ordered, disordered and intermediate ordered state of 

Fe 3Al. The change in electrical resistivity is taken as be

ing a direct meas11re of' the state of or1er of the alloy. 

From this data it was hoped that an orderei-disori?red 

state coul1 be f'onnd that wouli sho,•.' no change tn ~lectr~_cal 

resistivity while un'iergoing ne11tron irradtat1on 1ni P·)Pf'i

bly some postulation maie as to the mechanism for the change· 

in electrt~al r(;sist1vtty brought about by ne11tron 1rra4ia

tion. 

The source of' neutrons for this experiment is to be a 

B~R tyoe "swimming pool" rear? tor, loca t''?i on the camp11s of' 

the Un lvers i ty of Miss ourt - Roll 1, R::>lla , Mts souri. ElPC -

tr~cal r':;Sif'!tance moasurements are to be ma·ie using a 

double preciston Kelvin briige ani the measurements maie 

while the specimens were being irradiated. Temperature was 

held at approximately 31 to 35°C by means of a gaseous 

nitrogen flow arrn1nd the specimen at all times. 

Resistance measurements were made at approximately one 

hour intervals and these later were convertei over to 

electrical resistivity and plottlc:>i ·:1gainst total ne11tron 

iose as a m(.:>ans of' evaluat1ng the res11lts. The resistivity 

values were convertr::d tnto the order parameter ~ from 
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Muto'~(B) relationship, and plotte1 again~t total neutron 

1o~e for further evaDJation. 

2 
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CHAPTER II 

REVIEW OF LITERATTTRE 

This review will 1eal with tho~P areas o~ literature 

that are of greatest importance to the research project. 

They are: suoerlatttce structure, effect~ of neutron 

irra1iation on electrical resistivity and the measurement 

of the long range order parameter as a function of neutron 

dose. 

A. fuperlattice ftructure 

Guy2 '1ef'1nes a crystal ap "the regular arrang"'m"?nt 

of atoms 1n a eoli·i in a thr,"e -ilm:mt=donal pr1ttern". Th'~ 

three-11meneion'll n2twork of imaginary lin~~ connect1ng 

3 

these atoms is callei the spacp latt1ce, whil~ the small2st 

unit havtng the f11ll symmetry of th::> cryst3l 1~ callr;i the 

unit cell. /\ccoriing to Avner 3 the sp·~cif1c unit cc:ll f'or 

each metal is ·iefined by 1 ts param:;t•'rs which are the edges 

of the u n 1 t c e 11 a , b , c a n i the a n g 1 e ~ o( ( b ·? t w ,.., ':' n b an i c ) , (:} 

(betweena and c) ani'{ (betw--en ::!ani b). 

Often the lattice polntP (points of 1ntersection of 

the imaginary lines) ar,::= composei of an array of atoms 

instead of a single atom. However, no matter which it is, 

each lattice point has the identical surronndings( 4). That 

is to say the surrounding atomic array looks exactly the 

same when viewei from any lattice point. ~lso of importance 

is that the st~1cture will not be quite regular if the atoms 

making up the lattice are not of the same relative size. 

Different size atoms tend to iisplace each other which is an 
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important factor in ~,lperlattic,, forrn.at1on. 

~uperlattice as iefine'1 by Reei-Hill (5) if=; whPn th:.o 

::1toms in an alloy arrange themsolve~ in a pr.~i<:>terminni, 

stable configuration that ext.=,ni~ through large reg1ons 

or the crystal. When this occur~, a ~tate of long range 

order is said to exist anti the resulting f!tructure is 

called a superlattice or superst~Jcture. 

In orier to un1erstani this phenomenon it mu~t be re-

called that the x-ray scattering factor (reflectivity) of 

atoms of 1ifferent elements increases iirectly with the 

atomic number, and in the alloy cu 3Au, which can be used 

as an example of a auperlattice alloy, if the atoms are 

oriereri in a manner similar to that ~hown tn Ftgure 1, then 

the two x-ray beam~ shown in the right in this figure, whose 

paths differ by one half of the wave l.~ngth '}t...., will not 

cancel as they wouli if all the ::1toms were alike b1lt protiuce 

an ad1itional line on an x-ray olat~. The unit cube for 

thif=; oriPr structure is shown in Fi~lre 2. 

In the or1ere1 state o~ this particular alloy, the 

goli atoms occuoy the corn,~r lattice' sites and the copoer 

the :fac~~ cent-::rei sttas of the fac'c''-centerDri cubic lattice. 

Each corner atom of goli iF. shar,~i by eight arijacent unit 

cells ani since there is a total of 8 gol1 atoms per unit 

cell it means that effectively each unit cell has one (1) 

gold atom,[i.,.B-:.1] Each face -centered lattice site is 

occupied by a copper atom and is only shared by one other 

unit cell so the total number of copper atoms per unit cell 

This accounts for the compound cu 3Au. 



www.manaraa.com

5 

Incoming X -TI-"ly Ref}.ectr:;0 X-R::;y 

------~T-------~·~·-- a 

€> Copp2r 

® Go:!.d 

F:l. P:n r·::- 1. 
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o-Gold ~torn 
() Coppe r Atom 

0 

0 

0 

Figur e 2 . Orde r e j cu 3Au TJnlt Cell. 

6 



www.manaraa.com

Figure 3 show~ the 1atttc0 stn1cture of the ori?r~i 

Fe 3Al alloy, the alloy unior 1nvn~ttgatton. Th1~ allay 1p 

boiy-centorp,; cubic w1 th iron atomP at the four cornerf'l of' 

7 

thP cube. Each corner atom lP phar,,i by 8 1mit cellf'l there

by ~~ach cr'll has on,, iron a tom [i 7' 8::: j J for the corn.c:r po

sl tion. Iron 3 tomf! a lPo occupy the m11 -pointP of each of 

the 12 s-iges ani is sharei by four unit cellP giving a un"'t 

cell 3 more iron atoms (l/4 x 12 = 3). More iron atoms 

occuoy the six face-center oosition ani are sharei by two 

unit cells aiiing three more atoms of 1ron to the un1t cell 

(1/2 x fi:. 3). Finally there are 5 iron atom~ wholly in the 

interior of the unit cell th11s giving a total of 12 (l+ 3.., 

3+5) :tron atoms per unit cell. There are four al11minum 

atoms all occuoying interior oositions in the unit ~ell 

which gives a 3:1 ratio of' iron to al,Jminum atoms acconnt-

ing for the stoichiometric compoun1 Fe 3Al. 

The iron atoms mentionci above are locatp1, accordinP:; 

to Miller in i 1 c 1.. e s nomen c 1 a t, 1 r ,_., , a t the ( ') , 0 , 1 ) . ( l /2 , 1 , 1) , 

( ') ' 1 /2 ' f) ) ' ( ) ' () ' 1 /2 ) ' ( ') ' 1 /2 ' l /2 ) ' ( 1 12 • 0 ' l /2 ) ' ( l 12 ' 1 /2 ' ' ) ' 

( 1 12 , 1 12 , 1 /2 ) , ( 1 I 4 , 1 I 4 , 1 I lt ) , ( 1 I lt , 3 14 , 3 I 4 ) , ( 3 I 4 , 1 I 4 , 3 14 ) 

ani (3/lt .3/4 ,114). The a lumin11m atoms are lo~'at,-=>1 at 

(314,314,3/4), (314,114,114), (l/4,3/4,114), an1 (114,1/4, 

3/4). Application of the crystal stn1cture factor equation 

to the Fe 3/\l P1lperlattice reveal::: that superlatt:tc2 re

flections will occur for planes whose iniiceP are e 1 ther all 

odd or all even and whose sum is not a mult~ple of 4. The 

principal lattice reflect1ons, i.e., those not contingent 

upon atomic order, have Mtller indiceP twice those occnrtng 
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0 · -- _ __ r- 0 

. ,..l( .1----~----+----6 

:------{~ --

Fic;t~re 3. 

Iron Jl. tom 

Oro e red Fe .I'l l Hnit Cell. 
3 

Aluminum Atom 

3 
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tn C1(.tron because eirsht unit cell~ of bo'iy -centere'i r>11bir 

~ymmetry are required to define the Fe 3Al etruct11re1 9. 

The Miller in11ce~ o~ the principal and ~uperlatt1ce 

1 tnes of the three cubtc structure~ or> curing in ., ron -rich 

q 

Fe-Al ~olt'i Polution~ are given in Table I. The Fe 3 ~.1 

superlatttce presuppo~e~ the pr?~ance o~ F~~l or1er, of which 

1t t~ a further development. It ie there~ore impo~~1ble to 

have a finite (111) int~n~ity without having a f.,nite (2~0) 

inten~tty, but th2 converse ie not t~1e. The tnten~ity of 

these two lines convey two 'iistinct kin1s of information. 

Reference to Ftgure 3 showP that the (200) line ie senst-

tive only to the 1istr1bution of aluminum atoms between 

the centers and corners or the small unit cells. and there-

fore ind~cates the extent of development or FeAl order. 

The (111) line is sensitive only to the dt~tribution of the 

aluminum atoms among fm1r of the eight cube center~ of each 

group of eight ~mall cells which make up the Fe 3Al unit cell. 

TABLE I 

Indic'*s of M~tn Lines an1 ~nperlatttce 
Lines For the ~t~1ctures of Fe-~1 ~o111 
Polutions From Bra1ley an1 Jay (1) 

Random Ptructure Fe Al Ptructure Fe 3 n 1 P t ru c tu re 

110 
200 
211 
22') 

310 

* 1 ')') 
11") 
111* 
2'Y') 
210* 
211 
22() 
300* 
310 

* 111 
2~1') 

22~ 
311* 
222 
40') 
331* 
420 
422 
333* 
440 
531 
600 
620 
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1") 

8 T. Muto and Y. Takagi di~cus~ the manner in which some 

physical value can be assigned to the state to which an 

alloy is ordered. Thi~ is needed as not all alloys are 

wholly ordered or disordered under all conditions but lie 

somewhere between. This function i~ called the ordering 

parameter and is designated by ~ for long-range order and o-

for short range order. 

Long range order mean~ the re~1lar gAometr~cal array of 

a toms at the la t t tc e site is exteniei over many atomic dis -

tances and calculation~ take into account the effects of 

atoms at rather large atomic iistances away from another 

3.tom. ~hort range orier take~ into account only the nearest 

neighbor atoms for the forces acting on the atom ani there· 

fore relates itself to only a short atomic distance relation-

ship. 

To calculate the long-range order parameter the Bragg 

and Williams9 method can be used, on a binary alloy. When 

the perfectly ordered arrangement of atoms in binary alloys 

is realized, the lattice sites occupied by A atoms wtll be 

called oc. sites and those by B atom~ ;9 sites. Consider now 

a binary alloy Fe 3Al having a body centered cubic st~1cture, 

the posit1on of the iron atoms as previously mentioned be-

come o( sites and those at the aluminum atoms,& sites, 

respectively. The total n11mber of atoms, which is also 

the tota 1 number of a tom si tee, is represente4 hy N. F.~ 

shall be designated as the fraction of Fe atoms and~ ::1-FA 

the fraction of Al atoms. The fraction of ,J,. sites occupied 

by Fe atoms (right atom~) is termed~· The fraction of ~ 
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ll 

sites wrongly occupied (by Al atoms) is Wt:J(:I-rl( • ~tmt-

larly, ~ ani~:/- t;, represent the rightly ani wrongly 

occupte¥ sites, respect 1 vely. The number of Fe a tom on ,8 

sites is therefore£ti,~ tv' ani is equal to the number of Al 

atoms on~ eites, ~lj,/11. Then the Bragg-W1111ams or·ier 

parameter or long-rang:? or1er parameter~ may be written 

S= r~ - r:-,. - ~ - F",g (l) -1-F;. 1-£ ,fJ 

which is iefinei so that :tt is unity for perfect orier ani 

zero for pprfect iisorier. 

A new orier parameter :tntroiucei by Bethe1 '), th.<:> short 

range orier a- , is different from long range ordt:r ~ in not 

be:tng connectEd with the 0.. anri f!J sites but with the con-

figuration of the nearest n~~ghbors. Let ~be the total 

number of pairs in the lattice anrJ each atom surrounded by 

Z nearest neighbors. Then we have: 

(2) 

where N ts the n11mber of lattice sites. 

If the number of pairs, which are Fe-Fe, .l\1-Al and Fe-l\1 be 

denoted by ~Fe-Fe' ~Al-Al' ~Fe-Al' the fraction of pairs 

which are unlike is~ 

( 3) 

In the state of perfect order, q has a maximum value of qm 

(whtch is unity for simple cases), ani for the iisordered 

eta te a smaller value qr. Be the's short range or1er 0'"' is 

defined by: 
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() = 
( 4 ) 

so that the limit~ unity and zero are obtained for perfect 

order an1 randomne~s 1n a way f!imtlar to the case of long-

range or1er ~. 

The Fhort range order a- rneaFures the way in which, on 

the average, each atom is surroun1ed hy its neighborF or 

the extent of local order, in contraFt to the lon~-range 

order ~ which gives the order upon th'~ ()( an1 t9 si teF over 

the entire lattice. The short -range order~, therefore, 

is not uniquely determined by the long -range order ~. In 

fact, for perfect lon'S -range ori er ( ~ :. 1) , the short -range 

order must also be perfect ((t::: 1), but it is possible to 

have no long-range order at all ~Jt still have some short-

range order. 

12 

Temperature has the greateF:t effect on ordered alloys. 

By heating the alloy Fe 3Al above the cr1tical temperature, 

which ca,Jses iisor'iertng of the alloy, ani holding 1t !3bove 

this critical temperature, the amount of ordering present 

then becomes directly related to the rate or cooling to 

room temoerature. A fast quench gives ran1om placement of 

the atoms or a disordered PtrllCtllre. ~low cool1ng at a 

rate of approximately 2')°CIHR for Fe 3Al, gives a complc,tely 

orriereti structure. Cooling rates greater than 25°C/HR and 

elower than quenching give structures with degrees of orier-

ing relate1 to rate of cooling. 

Bradley and Jay1 found in iron -aluminum alloys of 0--50 
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13 

:3tom per cent aluminum quenchei from 600 to 700°C, that the 

distribution of the aluminum atoms was random in the range 0 

to 25 atom per cent aluminum:, i.e., no superlattlce was 

detected. In the range 25 to 50 atom oer cent aluminum, a 

superla tt1 ce was found even though the alloys were quenched. 

It was notei that at 25 atom per cent where, upon increasing 

the aluminum content, the structure changes from itsordered 

to ordered, there is also a discontlnuous decrease tn the 

lattice parameter. Here 1s d~rect evtdence that the orierei 

arrangement provides a better fit of the atoms ani hence a 

more dense structure. 

Phase itagram "''ork has bf;en done on iron-alum1n,lm 

alloys by various r~searchers. From work ione by Brailey 

1 11 ani Jay , Hansen ani Anierko ~ave postulated for the solii 

solution region in iron-aluminum alloys the phase dlagram 

shown in Figure 4. In this diagram the phase represented 
'I 

by ex. is a no 3 superlattice f!tructure ierivei from 

stoichiometric Fe 3Al. This superlattice structure is shown 

in F tgur'~ 3. 

Taylor and Jones;2 from precision lattice parameter 

measurements over a broad range of temperatures and compo

sition, and Mc<iucen an'i Kuczynski;- 3 from i1fferenttal 

dtla tometric hea t:tng cnrves of several alloys, have proposed 

equilibr:tum diagrams. Theee are shown together in Fis;ure 5. 

14 
~ykes ani Banpfylie, whtle study1ng various phyeical 

properties of iron-aluminum alloys, found, as one would 

expect, that the electrical resistivit1es of alloys contain

ing from 2 to 12 weight per cent aluminum were uneffected 
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by heat treatments. However, they found that alloy~ contain

ing from 12 to 16 weight per cent aluminum underwent a 

remarkable change in re~istivity wh~n ~low coole1 from htgh 

temperatures. The maximum effect occuring at approximately 

14 weight per cent aluminum, corref!ponding to stotchiometrtc 

Fe 3Al, represented a 1iffer~nce of approximately 51 pPr cent 

between the resistivities of f!PF~cimens quenche1 from 70'J°C 

and those slow cooled from 700°C. 

Bennet15 studtei the effects of heating and cooling 

rates on the electrical resistiv1ty for varim1s iron~luminum 

alloys. The findings of his stu1y of Fe 3Al are shown in 

Figure 6. This graph shows a change in curvature for both 

alloys at the Curie point, 625°C ani between 400 ani 56'J°C. 

The change in resistivity in the 400 to 560°C range is sur-

mize1 by Bennet to ~e boundary e~fects between ordering 

nuclei. 

In a kinettcs stu1y by Mc~~ueen ani Kuczynsk1l3 on the 

oriered alloy 

pa ram e t e r , ~ , 

FeTI\1 they ieterrntne1 the long range orier 

8 from Muto·s equation 

5o rLJ -f: I 
!3-~ 

( 5) 

wherefJ is the re~istivtty of the disorierei alloy,~ 

the resistivity of th,-:; oric-,rei alloy an1f, the reslstivtty 

of the speclmen being examine1. The results of this portion 

of their investigation is shown in Figure 7 where the long 

range order parameter, P, is shown versus temperature. The 

accuracy of this determination is limited by the fact that 

the value of~ used corresponds to the maximum Fe-Al disorder 



www.manaraa.com

.......... 
~ 
0 
I 

[fJ 

E 
~ 
0 
I 

0 
1"-1 
0 

.. -l 
~ .......... 

l>. 
.p 
•rl 
:> 
oM 
.p 
tfJ 

oM 
C/J 
<l> 

p::; 

16o 

140 
~-

120 

r 
"1 (Vj lj 

26.91 % .J. ... .J ..... . a at . Al -· 

80 

--
fJ - 24.5 at. % JU 

- --· 

";;~;;:~v.-;,~~~J~~~ . .-l!irm~J~.: ... ~'ZL~~~.:.n..~ k:si>rr..~.w~ · 
200 4oo 6oo BoJ 

Temperature (°C) 

FigurG 6. Reststivitv VP. Tcmp8rature Curve~ on 

Slm'l Coolinp; (in Equlll'brium) for Two 

l'l 

Fe .... a.1 Alloys as Dete rmln e~1 by Bennett ( 15) • 



www.manaraa.com

18 

obtainable in an alloy of composition corresponding to Fe3Al 

and does not represent a completely disordered alloy, because 

of the presence of the Fe3Al B2 type order occuring even 

after quenching from temperatures above the critical point. 
18 Rauscher investigatei the effect of temperature on 

resistivity of iron-aluminum alloys in order to ietermine a 

general outline of the atomic or1ertng; process. The results 

of the slow cooling process are shown in Fi~1re 7 and agree 

very closely with those of Bennet. Rauscher also conducted 

x-ray dif"raction measurements of the sup~rlattice line 

intensities from single crystals of Fe 3Al to determine the 

relative long range Fe 3Al order parameters as a function of 

temperature. From this investigation he conclude1 that the 

Fe 3Al orders in a manner similar to that predictei by the 

Bragg-Williams theory of superlattice transformation. A 

change in P was found by Rauscher from ~-= 0. 45 at 530°C to 

P ~ () at 550°C. This is shown in Figure 8. This rapid drop 

in P implies that the critical temperature is somewhere near 

540°C for Fe 3Al. 

~orne other X-ray work has been done on the alloy by 

Lawley and Cahn16 and ~hmueli and Ru·iman17 . Lawley an1 

Cahn 1 s investigation was in the area of high temperature x-

ray ·iiffraction stuiies of ordering in iron -aluminum alloys. 

They calculated the absolute values of the long range order 

parameter,~' for the alloys containing 24.8 and 25.5 atom1c 

per cent aluminum from superlattice line intensity measure

mente. They found the maximum value of~ (at room temper

ature) to be 0.80 for the 24.8 atom per cent aluminum alloy 
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and 0.75 for the 25.5 atom per c-:-nt alumtnum alloy. The 

crittcal temperature ~or the Fe 3Al sup~rlattice tn thnse 

alloys were determined to be 540°C ani 542°C respectively. 

19 

f'hmueli an<i Rudman's tnvestigatlon was in the fleli of x-ray 

stwiies of long range order a~ a f1mctton of quenchlng 

temper":lture. They used alloys containing 25 and 29 atom per 

cent aluminum. The maxtmum 1egree of long range Fe 3Al order 

attainable in the stotchiometric Fe 3Al compo~1t~on w:1~ founi 

to be P = 0.83. The maximum order a0h1 eved in the 29 a tom 

per cent alum~num alloy corresponded to ~ = 0.r::5. The 

critical temperatures were frn1nd to he 558°C in the caPe of 

stoichiometric Fe 3Al alloy ani 545°C in the alloy with higher 

alumtn11m content. 

B. Neutron Irraitation E~fects 

We will consider for thP moPt part only fast neutrons 

(>1 Mev) tn our diPc,lsslon. The follow"'ng iiscusPion is 
2') 

taken largely from Dienes and Vin".:'yard , Billington an1 
21 22 23 24 Crawford , Bishay , Penkovskti , ani Toma . 

The major damage caused by neutron bombardment on 

nonfissile material is to 11 splace atoms as a result o~ a 

collis1on. A secondary effect is to produce tranmutations 

in the nuclei. The amount of irradiation a material 

receives is dependent upon the flux in the reactor position 

in which tts placed. The flux is defined as the nnmber of 

neutronP per cubic centimeter (or unit volume) timeP the 

velocity of the neutron. In th,~ cgs system thP flux 

1imens ion ts neutrons /cm2 - sec or may be thought of a P the 

number of neutrons passing through a 1mit area in a unit 
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t1rne in any direction. 

In most reactors the ne11tron flux is somewhere in the 

range of 1a10 to 1014 neutrons/cm2 -sec. Toma 24 tn h1s work 

stated that the cross section of an atom was approximately 

l0-1 5crn2 , ani each atom wouli have a neutron pass through it 

about once every 15 seconds. The reason the neutron is able 

to pass through the atom is that it is electrically neutral 

thereby not being effected the electron clou.i or the pof"i tt ve 

chargei nucleus. For the most part neutrons pass completely 

through the lattice without a single collision or absorption 

and are lost as far as the specimen 1s concerned. 

Collisions do occur anri when they io 1 the atom is 11sual-

ly iisplacei from its lattice s1te ani loigei in an inter-

estitial position. The probability of an absorption occur-

ing instead of scattering if" cons1iprably less and iepenis 

upon the capture cross section of the material which var 4 es 

1Ni th the enf:rgy of' the incoming neutron, whereas the proba-

bility of scattering is almost a constant. 

The probability of a collision between the neutron 

and the nucleus has the units of "barns". A "barn" being 

-24 2 equal to 10 ern . The average cross section for fast 

neutron scattering is of the order of 5 barns. Therefore 

the rate at which scattering takes place is based on the 

equation R:: ~ \r where R is the rate of seat ter, ~ 1 s thr: 

neutron flux and~ is the scatter cross section. Assuming 

12 2 a reactor neutron flux equal to 11 neutrons/ern ~ec. ani 

a scatter cross section of 5 barns gives a scatter rate. 

4 -12 I R=S. 0 scatters nuclei-sec. 
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When a colltsion oc~ure the -~"ast neutron (1 - 2 Mev 

energy range) imparts some of tts en~,rgy to the targ<'t 

23 

nucleus thereby causing it to b>? "knockei" from its lattice 

si tF?. The energy g1 ven up ,juring thiP collit:~ion comes from 

the equation founi in elementary mechanicP books. The con-

serva t ion of energy 3. n 1 mom en tum lim~ t the m::l.Xirm1m kinetic 

energy Emax that a neutron of mass M1 ani initial energy E 

can g1ve to a nucleus of mass M2 to: 

(6) 

This is for a strictly head-on collision. For col-

lisions other than heai-on the average value of energy trans

ferred ie 1/2 Emax. For aluminum, the value of Emax for a 

2 Mev neutron ie 0 .28 Mev, wh1lf~ for iron ~ax is I .1~ Mev. 

For most materials the average energy irnpartei to an 

atom upon collis1on with a f'ast neutron ~s significantly 

h1gher than the thresholi energy Et nPcessary for tt to "le 

11.f':place1 from 1.ts latt~ce pos1.t-4_on. The average val,le for 

Et is aoproximately 25 °V. there~ore most coll1.sionP w1th 

fast neu trans result in the a tom being 1 isplac '"1 from 1 ts 

la t t i c e s 1 t e . 

The atom that has been 11.splace1 by the collision is 

callei a "ortrnary knock-on'' :ini travels ':it a speei approxi 

mately 100 times faster than the speei of souni ~n the given 

mater1al. fince its velocity ani energy are large, the 

lattice forces are unimportant ani the 1on penetrates the 

material as if it were a iense gas. 

The fast ion, created by a fast neutron collision 
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carries a pos•tive charge an~ ~h~refore interacts with th~ 

electrons an1 n,Jcle1 wh1ch tt comes 'into clo~e contact ,_.,tth. 

The eler-trostattc f'orCPP ilp to t'lr~ latt1ce atoms arco of' j 

s,Jff'lctent rn·~gnltn1e 1s to slo~· th1s t:m 10wn 1n i short 

11stance an1 ttme, t~er~fora, the ~ff'ect of' the or 4mary 

knock-on 4s tn a very small are1 near to the 1nit 4 ~l 

collls 4_on area . 

However, the gr.~ater mJ~s -,f' t'1"" ton ca11~'""'f' 1 t to 

move slo'''''r than an electr:Jn ·:Jf Pv s':tme energy, th-,r,,by 

r:1istn:;s the q11estton whet'1er t'le mov1n:s 1on '1as snff'1r-tent 

speei to excite ~lectrons. If an el0~tron in an atom mikes 

a l8rge n11mber oscill1tionf! d11ring the time thr:> ~on travels 

throug'1 the atom, it absorbs littl~ energy f'rom the ion. 

Thl!'l is because the energy gained ·i,Jrlng the tn\>1ari sw1ng 

of an osc 4 llatton is largely lost i,Jring the outwari P"-r 4nr;. 

It can be concb1ded then that excent for extremely f'ast 

pr1mary knock -on tons the elertrons are 1J?ually not exct ted. 

1\lso tt c3n be concluiei that the primary knock -on travels 

as a nos 4 t1vely charge1 1on rather thJ.n :l bare nur-lnns 

:1gain "'xc~pt in the f'aPc:' of c::xtr·'mely '1igh v•-"locity ani 

~~n.:orgy knock -ons. A ro11gh ('ri t"ri .-,n f'or \>Jh-'-'ther th·' 

electrons movr w1th the nncleuP Dr n0t ts that those 

electrons with less energy than the pr1mary knock-:Jn Will 

b(' le.,t b:::htni. 

Present interpretation of the changes in the proo:rt1es 

of' sol tis brought about by high energy neutron irra1ta tion 

centers ·:1 round the pro111 c t ion of s evc~ra 1 types of 1e f'ec ts 

tn the soli1 by the ra1tatton. Th~?e defect~ are: 
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a) vacancies, b) inter~tit 1 al atom~. ~ni c) impurity atornP. 

Each of the~e simple de~e~t~ are 1e~crtbe1 hr1e~ly helow. 

a) Varancies. Vacant latttc~ ptte~ may be createi by 

colli~1.onP of energetic n~'-:>'ltronf'! ,,·tt'l the atom 1n a Polt1 

lattice. The energy tr1n~ferr.c>1 tn thef'!o colliflion~ 1.~ 

usually s11 f.Pt c ien t ~or the re~ o"'l tng a torn to create &>,, rther 

vacant latt~ce siteP 'by ~uhPequent coll~~ton~. Thu~, for 

each prirn·1ry colli~ton a ca~caie o~ colli~ions rePulting tn 

vacc1ncieP an1 intersti ttals. This is sho,··n in Ftg,lr? 9. 

b) tl'l.t.~s t ~t ta ~t_g_Til~· Th" 3 toms that l re 11. sol :1<"' e i 

Prom thetr eq'l"tlibriurn poPitions in th<? latt~.ce will Ptop 

in a int:;,rstttial. or non eq,lilihriurn posit~ on, provtiei 

they io not recombtne irnrne11ately with a nearby vacJncy. 

This al~o is shown tn Fi~1re g. 

c) I_rn~lrity atoms. Irnpurtty atoms are forme1 unier 

neutron bombardment by transrnntation. A special case of 

this is the tntro1uction of f"'ssion proiucts by the f~ssion 

process. The effect o~ f'tsston fragments is USllally more 

pronounce0 than that of neutron -tni,lce1 transmut::1t~on, 

alth~1gh both mechanisms are often tnstgntficant cornpare1 

to other radiation effects. 

In 111ttton to ~irnple coll"'PtonP there are other 

1rnportant oroces~e~ leaitng to ob~ervable ra11atton 

ef!'e~tF. They are 1) rl"'placernent collts~ons, e) thermal 

an1 i1splarement sotkes f) ~ocnstng coll1s1ons ani g) 

crow11ons. The~e processes may be iepcribei brie~ly a~ 

follows: 
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i) fi~l~~emel}_~-~q_ll~~~ll~· If a ~·::>11 tPton between a 

moving interPttttal atom ani a stationary atom r<:>~,lltP 1n 

the ejection of the stationary atom ani leavep the 1nter

~titial with insufPtcient kinetic energy for it to escape 

from the vacancy it has created, then thiF atom will fall 

into the vacancy, iissipating its kinettc energy thro11gh 

the latttce vibrations as heat. Calclllations s~ow t'lat for 

a reasonable choice of energy parameterP the number of re

placement collisions m3y exceei the number of 11solacement 

collisions. The result is the interchange of moving atoms 

with lattice atoms, which, can lPai to observable effects 

especially in orierei alloys. 

e) Thermal a12_1 iiPol~~ent spik~fl.· A fast oarttcle 

movtng through a lattice, or an atom that has been htt 

just hari enoug'l to vibrate with large ampl1tuie without 

betng di spla cei, will ra piily transfr::>r en~.,rgy to i tp 

neighbors , which bee orne abnormally exc t tei. Th11E! a rn gi on 

of matPrtal arouni the track of the fast moving particl~ 

or knock-on atom will he heated t::> a high temperatnre. 

The region of excitat1on expanis raptily, and at the ~arne 

time there is a ira~tic iecrease tn temperature. The result 

is called a thermal spike, i.e., rapii heating ani q11ench

ing of a small volume of material. Calculations indicate 

that the iuration of a high temperature of :lpproxtmately 

l000°K in a region invol vtng some thousanis of a toms mtght 

be 10-10 to lo-ll seconis. When the energy of the fast 

movtng atom falls below a transisition value (which ienenis 

on the atomtc number) the mean free path between displace-
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ment collisions becomes of the or'ier of atomlc spacing. Then 

each colltsion results tn a iisplacei atom, and the eni of 

the trail is believed to be 3 region containing of the orier 

of one-to-ten-thousand atoms in which local melting ani 

~1rbulent flow have occurrei a very short time interval. 

This is called a iif'!placement spike. ani t.s shown ~rh17matt-

cally in Figure 10. 

f) Focusing colliBiQ.!!§... ~tlsbee25 suggPsted that an 

atom dislodged as a re~ult of an initial collision can pro-

duce further displacements in a given direction, namely, in 

one of the directions of clos~st packing of the atoms. In 

this case, the atom i1slodged by the secondary coll1..ston is 

displaced at a smaller angle to the given itrection than the 

f1..rst atom, and itself displaces a third atom from the 

lattice, ani so on. The displacements occur at a progress-

ively smaller angle to the given d1..rection the displaced 

atoms are, as it were, "focueed" tn this iirectton. Thts 

ls shown in Figure 11 for a face centere1 cubic lattice. 

The coniitions for the existance of fmch a "focustng of 

displacemente" are as follmA.'S: 

d To L Z g,N-(3 ( 7) 

where i is the interatomtc itstance; r, is the radtus of 

the metal atom:~ 1s the angle of itsnlacement of the 

atom relative to the closest nacktng. For small values 

of~ Equation 7 becomes: 

d - <z. - (7a) 
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Fi~t re 10 . Picture of a Displa cement Spike 

a e De t ermine d by Brinkman( 29). 
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Fi~ure 11. Schematic of Forusing Collision. 
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Accor11ng to this model, thermal spike~ in the metal 

lattice can be "diffuse1" along the iirection of closest 

packing oP the atoms. A quantitative evaluation of 1tsplace-

ments, according to ~ilsbee, ~hows the threshold of dis-

plac em en t of the a tom to be 50 ev. 1. e. , twice the value 

found by other investigators. However, even these calcula -

tions show the validtty of the application of the billari 

ball model to collisions of atoms wtth fast particles or 

among themselves. 

The foc,Jsing effect iP normally weaker in 1n a tornic 

row not characterizeri by close packing. Thus, accoriing to 
2h 

Leibfried , the preferential directions of focus"!.ng of 

atomic displacements will also be the 1irections of clos?st 

packing. These directions in a facr. -centere·1 cubic lattice, 

are the [11 0] or [1'111 1-trections only. 

g) Crow1t_ons. This phenomenon is also referre1 to as 

1efocusing. The other oxtrr~me of foC,lSing is "-'Ihen fl. > z r -
In this case the energy is rapiily 1efocuse1, nven though 

9o may be very close to zero. Con1i tions for this tyoe oP 

colliston are shown tn Figure 12. Provi ied thiP ini ttal 

energy tran!='ferre1 into the row iP S1lff1.ciently l3rge, 

these con11.tions lead to the proi11ct1on of an interstttial, 

i.e., an atom is ejected from the cloPe-packe1 row at 

some 1iptance from the inittal tmpact within the row. 

Hence, such a correlated collision may inr1eed be visualized 

as a dynamtc crowdion. 

C. Neutron Effects on Order-Disor1er Alloys. 

In an orderei alloy, anytime an atom is 11splaced from 
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101 

Figure 12. Schematic of Dynamic Crow1ions (Defocu~ing). 
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its or1ginal lattice ~1te to an interstit1al po~ttion or 

fills a vacancy, there is a change in the degree of order-

ing 1mless it falls lnto a lattice vacancy that s~ould bl? 

occupied by the same kind of atom. The 11kel1hood of the 

latter occuring is considerably l~~s than the prev1ously 

mentioned choices. 

Con~iierable research in the e~rects or radiation on 

(2~ 27 28 29 31) copper-gold llloy~ ha~ been carried out ' · ' ' . 

In most cases the means of measurin~ the effects wa~ 8y 

the change in resistivity of the 1lloy. ~iege126 observei 

33 

that the resistivity of Cu 3Au in the ordered state became 

progressively higher with room -temperature neutron i rra iia -

tion, while samples in the 1isordered state showed no 

change other than a slight increase dne to tra.nsmutations. 

The F1lpoosi~ion that the increase in resistivity meant a 

iecrease in the amount o~ or-'1::-r was conf1rrne1 hy x-ray 

mea S1lrernen ts of the superla t tice lines. 

Utilizing ~e1t3' method or calculating defect con~entrf-

tion, Piegel found that the i1sor1Pring introiuced by the 

irradiation was in excess of that to be expectei sirnoly on 

the bas1s of iisplacements. H~ rouni that it was necessary 

to 11se the thermal spike conc""pt for an aiequate explanation. 

While this experiment lenis some crei1bility to the th""rmal 

spike concept, it has since been shown by Kinchin ani Peasc3 1 

that a modification of P1etz• calculations employing the 

replacement concept will adequately explain the iata. 

H. L. Glick et al.3l,32 have shown that bombardment :~t 

8o0 c with neutrons will cause an initially ordered sample to 
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show at first a slight irop in resistance succeeiei by a 

rapi~ increase, reaching a v~lue approximately 30% above the 

original value at an integrate~ exposure of 6 x 1019. The 

initial resistivity was 5.2 micro-ohms -ern whereas a resisti

vity of 4.7 micro-ohm-em or less is cons11ere~ appropriate 

for anneale,~ cu 3Au in the orierei state. The original 

~ecrea se is not easily explained , b,l t it irnpli es th3 t the 

crystal was initially not in equilibrium either because of a 

~eparture from perfect orier or because of the retention of 

a non-equilibrium number of defects (probably vacan~~es). 

The irradiation then causes the metastability to be erasei 

with an attendant decrease in resistivity. 

A.nother part of the same exo,~riment cons1 sted of' follow-

ing the resistivity charge in ~n initially disordere1 sample 

'trrariiate1 at the same time ani temperature". The resisttvity 

dropped steadily ani finally saturated at a value 7% below 

the original value. Presumably the rates of the opposing 

reactions are essentially balancei 3 t this value and ternoer-

ature. This latter experiment confirmed the observations 

by Blewitt an1 Coltman33, that the resistivity of disordered 

samples in substantially reriucei by irradiation, prov1ded 

that the temperature of irraitation ts above room temper

ature. Blewett and Coltman observed much l3rger iecreases 

than reported above. This might he attributed to the 

h1gher temperatnre of irraritatton (15J an"i 200°C 'nstead 

of 8o0 c), or to the fact that the 8~°C irraitatton w~s 

carrtei out at 101 3 neutronl"!/cm2 flee. In aiittion, it was 

seen that there was a time lag of approximately 12 hourf! 
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before the resistance decrease stooped after the irraita -

tion was stopped, indicating a relaxation time ~or ordering 

of 12 hours at 2~n°c. In the absence of irradiation, th1s 

time would be thousands of hours. 

~aenko34 1nvestigjted the chang~ in resistivity 

brought on by neutron irraiiation at 81°C of both oriP.rei 

ani iisorier Fe3Al. Meaeurements of' the cry~tal lattice 

parameters ani the intensity of' the superlattice 11nes were 

also maie as a function or neutron trraiiation. He examined 

Do3 type having greater long range order than the Fe 3Al-B2. 

After irra11ation to 3 x 1018 neutrons/cm2 , the in-

tensity of th~ superlatt~ce lines is sharply reiucei in the 

x-ray pattern {I(lll)ll /I(22')~ ~ o.oz). Further increase 

in the integrated neutron exposure results in the complete 

disappearance of these lines. 

As can be seen in Table II ani Figure 13, the electri -

cal resistivity and the crystal lattice parameter of the 

alloy is the annealed (Fe 3A.l - D0 3) ani the qu<?nch~d 

(Fe 3Al~2) states become almost equ1valent. This suggests 

that the irra11atton of' the soecimr:'ns which 1_nittally ha·i 

different atom-l.c distributions shouli result in the forma-

tton of stmtlar physiral states. 

In checking this 1iea a stuiy of the graph in Fi~lre 

14 was made. HerP samoles of specimens 1.n the annealei-

irra ita tei and annea lei -unirra iia tei states ani spec 1m en~ 

in the origina 1-trra iia tei :lni ortginal-un lrradia ted s ta teP 

were subjected to vari~Js annealing temperatures ani their 
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TABLE II 

Electrical Resistivity Change of the Fe3Al Alloy 

~1ring Neutron Irraiiation at 80°C.(34) 

I Treatment of Alloy Electrtcal Resl.f=!tlvtty (,M ohms ern) 

I Intt~al I After Irradiation Exoosure 
Coni it ion I 3 x 1018 t. 5 x 1019 7 x 1019 1. 35 x 1020 

----------
___ _j_(n~c-~2_)_ (n/crn2) (n/crn2) (n/cm2) 

i 

Annealing at 56°- I I 
25QOC in 12 hours 

Oil '~uc.nche,i from ~~53.~--- J _149~~45.') 141.0 138.0 750°C 
- -~ '--

I 

lA) 

0\ 
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2.9050 .. ------------~-------------.--------------

2.890) ............................ ~ .......... ... 
50 100 150 

Neutron Exposure 10 -lB ( n/cm2 ) 

Figure 13. The Effects of the Irr3diation Exposure 

on the Crystal Lattice Parameter of Fe 3Al. 

1.) Annealed (500-250°C 12 hrs); 2.) Oil 

~uencherl (from 750°C) as Determined by 

Saenko(3~). 
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-- Not Irradiatej 
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Figure 11~. Variation of the Resistivity of .llnnealed and 

(<tnenched Fe 3Al, Beth in the Initial State, and 

After Irraiiation by a do~e of 1.35 x 1o2 0 n/cm2 

During the Process of Isochronal Annealing as 

Determine·) by ~ aenko ( 34) • 
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electrical resistance rccoried. 

A temperature versus resistanc~ study of the 1..rr311atei 

specimen iij not confirm the suggestion concerning thr; 

similar nature of the physical s ta 'Ces formed in the quenched 

and annealed alloys as a result of the neutron irraiiation. 

Moreover, the initial course of the resistance points to a 

tendency of each alloy to regain its initial state whtch 

existed before irradiation. 

Using Saenko data from Table II and plotting a ~raph 

of resistivity versus exposure yields Figure 15. Here we 

see the tendency that leads to the orevious s11ggestion that 

the two initial states approach a common state. ~aenko con

cluriei from his investigation that neutron expos11re at 3bout 

88°C 'iestroys the ordc:>r distributions of heterogeneous atoms 

existing in the Fe 3Al alloy subjected to t,,_.o --afferent heat 

treatments, one ordered, the other iisoriered. Also 

lrra 11atlon in a high neutron flux ioes not give rise to 

profound strur>tural changes of the alloy. The state formei 

is metastable. 

Lastly he suggestej that a hypothesis concerning the 

radiation disordering of the non fissionable alloy through 

displacement spike formation does not appear to apply to 

the present case. It is thought that the experimental data 

might be understooj on the basis of Kinchen and Pease's 

theory concerning the radiation -iniucej formation of jis

placements ani replacements. The effective disordering 

may also take place as a result of replacements formtng 

during focusing collisions. 
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Toma investtgate1 the efPects oP neutron irrad18tion on 

FeJI\ 1 but at eleva ted temperature~ ( 1 10°C to 30'1°C at ')0°C 

intervals). In his investigation flat ~trip ~oecimens of 

ordered or disordered alloy were used. The results oP his 

investigat,on are sho~n in Ft~1re lF, olotted as Muto•s 

relationship order parameter5 V~"rsus temperature f'or both 

the completely ordered ani completely 1isor1Pr~1 states. 

The order parameter~' is determined by Muto•s relationship 

Toma found a large decrease in ord~ring with trraita-

tion. This is found by the fact that the orier parameter 

for the ordered specimen decreased as temperature increas~s 

at a constant dose. Perrect order has an order parameter~ 

of 1.0 whereas the completely ii~oriered state has an orier 

parameter S of 0.0. 

He concludes that the 4isor,4ering increases as a result 

of the proi11c tion of 11 spla c ,<~ment spikes an4 replacement 

collisions which itsrupt the long rangr~ order tn th'-7 

lattice. 1\lso he states that the vacancy/interstit1al 

pairs and tntersttttals proiucei by replacement collisions 

are metastable at the elevated temperatures for t~e order 
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CHAPTER III 

EXPERIMENTll.L PROCEDTTRE 

1\. Ppecimen Preparation: 

The alloy use1 in thif: investigation was ohtatne'i f'rorn 

the Naval Ordnance La bora tory in shc~et form of approxirna tely 

0.038 inches thick. The composition af: determined by them 

was as follows: 

Aluminum 

Carbon 

13.79 weight per cent (w/o) 

0.0045 w/o 

'). 0020 w /o 

Hyirogen, Oxygen an1 N1tro~en less than 1.0011 w/o 

Iron Rem~in4er 

This composition is as closr.:. as reasonably pof:s1hle to 

stoichiometric Fe 341. 

The material was sheare1 f'rom the sheet into strios 

approximately 3/4 of an inch w11e by 12 1nchef: lon~. The 

c.;1ges of thesr> f:trips "'/"re groun'i to relievo as m1Jch of' the 

1istllrbe1 metal resultin~ f'rom the sheartn~ H~ poss1hle. 

All sp,:;cimens were pr(~oare'i in thiP manner to asf"lre uni-

formi ty of specimens . The fini=!l ':l tmen s 1 on s of t '1e s oec 1m ens 

were 1/2 inches by 0.138 tnches thick. 

The first specimen was heated to 8oo°C an1 hel1 for 3 

hours and then cooled to room temperature at a cooling rate 

of 2 5°c /hour. ~pee tmen number two was hea teri to 800°C , 

hel1 for 3 hours, coolei at a r':lte of 25°C/hollr 1own to 

0 200 C an1 then quenche1 1.n water. ~pecimen number three 

was heated to 810°C .• coole1 at a rate of 25°C/hour 1own to 
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room temp·2rature, reheatc;-i to 4'!0°C an-i hel-1 for 2 l/2 

hours an1 the wa tPr quenchei. .c:oecimPn number four wa P 

heated from the as receive1 con~it1on uo to 5~0°C and held 

for 3 hours and then water quenched. The la~t specimen, 

soecimen number five was heated up to 800°C and hel1 for 3 

hours ani then wa t 2r q11enc hed. Thf"P ::-> fi Vp h.::.a t treatments 

gave state of order ranging from completely orderei to 

completely disordered and vartous tnterrneiiate statr:s. 

After these specimens were heat treatpi evPry errort 

was made to assure minimum of handling 80 as to avoi1 

44 

in troiuc ing defects. The next step in th'c; sp'-"cimen orPpa -

ratton was to spotweli 4 coppPr electrical leadp to each 

t'pecimr~n. The <itstance hPt"•een thr; m1<11le two was approxi

mately 8 inches. The iistance betw~en the outer two was of 

l t ttle concern, but ,.,as somewh~:re near 9 inches. The 1is -

tance between inner lead was measure1 very prec1sely with a 

pair of c·:3.li pers and use<i as the gauge length for ca lcula t

ing the total resisttvity. A specimen with electrical 

leads attached is shown in Fi~1re 17. 

B. Encapsulatton: 

~ince it was desirable to keep the specimen from 

direct contact with the coolant/moierator, a cylin1rical 

caps11le was devise1 to accomoi':3.te the snecimen. This cap

sule waf' constructe~ entirely of commercially pure alum1n1lm 

to reiuce resi1llal radiation and als·::> to 0 Ut iown on the 

absorption of thermal neutrons while ln the core. 

The capsule was 3 inches in outside diameter and 2 1/2 
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Figure 17. Typ1cal ~pecirnen With Electrical 

Leads ~pot-Welded In Place . 
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inc :1e~ in~ ide :1iampter. Total lnngth oP cap~ule wa~ a oorox~ -

mately 24 tnche~. Both en':i~ were fitteri ~~ith alum1num 

plugs which were fittei with "O'' rtng~ and helj in po~ttton 

by horizontal drift pins. 

l\ 3/4 inch iiameter thin walled aluminum tube w3~ 

attiched by welding to the top plug ani a hole drilled in 

the top plug thereby gtving a means of acces~ to the cao~ule. 

The tube itself was approximately 35 feet long with a curved 

section 'i.bout 10 feet above the cap~11le to elimtnatn rsamma 

ray streaming up the tube. 

A ~peclmen holder was fa"l;r1cated out of' 114" olexi

glas~ which comprised two di~cs held together by long 

al1)min1lm rois threaiei at both eni~. ·\ slot was mair-=> in 

the opposing f'aces of' the olexiglass discs tnto which th~ 

Ppectmen was olacei ani heli by adju~ting the tenston on 

the alumin11m roris. Holc.s for leai wires an1 coolant Plow 

w~r~ also irillei in the too pl~xtglass :1isc. A cro~s 

pectional view of' the capsule with Rpecimen, specimen holier 

and attachei acce~sories is shown in Figure 18. 

The capsule with specimen removed an1 lay1ng along 

side can be seen in Figure 19. A ra1iation ietector is 

also shown next to the specimen in11cating a saf'e level 

of raitatton after a cooling off period of two days had 

elaosed since irradiation. 

The coolinG?; t1lbP that is seen 1n Figure 18 was 11seri 

to flow nitrogen at a ~low rate to cool the capsule ani 

specimen that had undergone gamma ray heating during 12 

hours of irradiation. The flow rate was approximately 4 
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Figure 18. Cro:os ~ectional View of Capsule and ~pecimen. 
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Figure 19~ Actual Specimen and Holder Removed 

From Capsule After Irradiation. 

48 
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cubic feet per hour. 

C. Resistivity Measurements: 

The four electrical leai? attached to each specimen 

wr:;re conveyed from the cammle thr:mgh the tube to a 

-~ouble precis1on Kelvin briige an1 :::nmporttng eq11ipment at 

the Fide of the reactor pool. 

A 1ry cell suppllei a 6 volt potential aero~~ the 

specimen an1 by means of' a variable resi~tor a currr,nt of" 

1 amp was obtained for the total ~yFtem. The two inPiic 

lea iF picked -up the potential irop across the ~a11g;e lo.ng;th 

and halanc 8 d 1t against a ~taniari re~istor of 1,111 ohm 

by means of the Kelvin bridge. The resistance of the spe0i

men across the gauge length was then read iirectly f'rom 

the Kelvin bridge. A schematic iiagram of the electrical 

circuit of the specimen and Kelvin bridge is shown in 

Figure 20. An actu3l photograph of the experimental setup 

is shown in Fi~Jre 21. 

The resistivity is then calculated by multiply1ng the 

resistance by the cross sectional area o~ the snecimen ani 

then iivi iing that by the gauge length or the distance 

hetwc;en inside electrical lea is. 1nring the actual exner~

ment only th.? resistance was r·ecorderj versus the tlme of 

irrai1ation. Later the resi?tance was converted to 

resistivity ani the time or irradiation to iose. 

Fi~nr:; ?2 shoNs the comPlete out -of -the -core appara t11F 

, 1pei in the experiment. Also vtslbl? to this f1g~lre iP 

the s11e of' the reactor pool ani the briige FllP~'rstructure 

from which the reactor core is suspenier'i. 
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Figure 20. Schematic Diagram for Resistivity 
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F1gure 21. Act,1al Physical ~et-Up For 

Resi~tivity Mea~urernent~. 
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Figure 22. Physical ~et -Up Phowing KPlvin 

Bridge and Nitrogen Pupply. 

52 
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The reactor u~P1 for thiP invePttgation wa~ a ~wtmming 

pool modifie1 Bulk f'hiel:iing Reactor typp w1th a maximum 

thermal output of 1:) kilowatts. During the entire tnvesti-

gation the reactor was operated at a power level of 10 

kilowatts which produced a fast neutron flux of 3.~ x 109 

2 neutrons/em -sec. at position C-3, the core configuration 

used was the 19-T core loading an.d core position C-3 was 

~~ed in all caPPS. Eac~ experiment wa~ con1uctei for 

approximately 12 to 1~ hours depending npon ptaff' member 

availabil1ty. The ternperaturP tn the reactor bay area 

ranged between 25°C to 32°C 1uring the tests. ~pectrnen 

temoera ture wa P in the range of 30 to 41°C. 
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A. Resistivity 

CH;\PTER IV 

EXPERIMENTAL REf'TTLT~ 

54 

1\s mentione·i previously th·2 resistance of the SP'"C1 men 

was measured as a function of time ani then converted to 

resistivity ani the ttme convertp1 to doee. The re!"nlts 

of these experiments are shot,•n in Figure 23 .. 24, 25, 2F an1 

27. 

Figure 23 ts the rPsistivity versus th~ iose curve for 

the fully or·i''reri SP·'?Cim,,n number l ani s'lo1.·•s the: lowest 

resistivity of all spi~cimens irra··nate1. Th·? r::J.te of' 

damage appears to be constant. Later expertm0nts will show 

it to be greatest in the first few hours, then becomes :il

most constant as the 1ose increases. 

Figure 24 is the resistivity versm~ the iose cqrve for 

the sltghtly iisorierei soecimen number 2. Here the rate 

of irradiation damage is very high for the f~rst hrn1r or 

more ani then decreases to a slower rate ani finally almost 

goes to zero as the iose (time) increases. 

Figure 25 is the reststivlty versus the iose c11rVP 

for snPcimen number 3 wh~ch is a 11ttlP more iisoriered than 

the nreceed1ng snecimen. ~gain the iamage ratP was greatest 

during the first few hours. In this case, however, the 

damage rate ioes not irop off to zero but continues to 1n-

crease as dose increases. 

Fig,,re 2'~ is the resistivtty versus th0 dos0 curve for 

specimen number 4 ~··hich ts only slightly orierei. Here the 
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plateaus are very evident and there appears to be approxi

mately 3 of them. A~ain the resistivtty decreases as the 

dose increases. This decrease in rePi~tivity ~ith increas

ing dose indicates an increase in order in the specimens. 

In the ordered specimens ther~ is a tPniency ~or the alloy 

to increase in resistivity with increasing dose therefore 

causing a decrease in order. 

Figure 27 is the resistivity versus dose curve for the 

fully disordered alloy specimen number five. The resis

tivity for this specimen is the highest of' all as shouli be 

expected, (143.~97 micro-ohm ern). There aopears to be 

plateaus at two different levels in the graph where the 

dose rate seems to approach a low value, not zero but con

si1erably less than the remainder of the curve. Here a 

definite decrease in resist4vity is apparent as dose in

creases, whereas in the ordered specimens there was a 

definite teniency to increase resistivity with increased 

dose. 

B. Orier PararnetPrs: 

Ft'Sures 28-32 sho,.1 the change in the or1er oaramo.ter 

~' .1s calculatei from the M11to•s relationship, (see equa

tion 5), as a function of dose for the five specimens. 

The general shapes of the curves are the inverse of their 

respective resistivity curves as should be expected. The 

long ran~e order parameter f' is calculated using 94.178 

micro-ohm-ems af!l the resistivity of the fully ordered 

state and 143.697 micro-ohm-ems as the resistivity of the 

full disordered state. These graphs are given here mainly 
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TABLE III 

Ir~a~tatton Damage Rate~ 

~-~- ~ ~- ~ - ------,--- - - - - -~-~~ 

1
- I , mi~ro -oh,-c:g l 
, : 0IntJtta1 : __ Dama£?;~~_Rat~n nentrons ~~=J 
! I ,rr er i ' l 
, f' ) . I 
I_~ oe q_i_ men_!!~~--_ ~--I:? ram~ ~~~L ~- _ ---f ___ ln -t t ia 1 ___ j__E~ 11 i 12__ri u_.':!l_ ___ I 
I I I -15 I -15 I 
I 1 ( orriered) i 1. ')') 1 18.7 x 10 1 1. 93 x 10 

I 

2 1 0.9Jt ; 79.2 X 10-15 ! 0.537 X 10-15 

8 ,, I 6 6 ' -15 I 2 ' h -15 3 l 0 . Lt I l . X 1 () I . ()._, X 10 
1 5 I 

4 1 r 1 - - r -~ I lo -15 , o. cO 1b. :J x l J I Lt. 05 x 1·) 

5 (:Hsorriere1) ').00 5.28 X 10-15 I 
I 
I 
I 

0.902 X 10-15 

1------~-----~ 

CJ'\ 
,~'\ 
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to ~irnplify the visual picture of what takes place in the 

atomic arrangement during irradiation. They ahow that order 

decreases with increasing irradiation of fully ordered and 

slightly-disordered specimens whereas, the 1isorier decreases 

with increasing irradiation for ~llly dtsoriere1 and slight -

ly ordered states. 

C. Damage Rates~ 

The tnitial and "equilibrium!' rates of damage were 

calculated for th? five specimens ani are tabulated in 

Table III. The initial period was considered the ~irst 

hour after start -uo of the reactor and was determtne1 from 

the first two data points on each graph of resist~vtty 

versus dose. The 0 eqnilibrium'' iamage rate was tak~'n ov('r 

only hc~cause tt is supposed that all factors infl1Pncing 

th>? 1arnage rate haV0 rc'ache1 'q1l1librlum. This m~g;ht also 

be call:-;i a psue1o-equiltbrium because tn some cases the 

slopes or damage rates are actually decreasing ~ith in-

creasing ioses but they are approlching equil ibrtnm stat11s. 

The damage rate ts measured in units of micro-ohms-em/ 

neutron/cm2 or resist1vtty/1ose. 
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CHAPTER V 

Dif'CU~~ION OF REf'TTLTf' 

A comparison of ~aenko'P3~ and Toma·~2~ results with 

the results found in thiP inveptigation show considerable 

similarities. f'aenko•s results can be round in F~gure 15 

ani Toma • s in Figur.::> H:;. Comparing these two lnvestiga tions 

tod th those of the author show the same tendency for the 

ordered specimen!=! to become more 1isoric're1 •·lth increJsing 

radiation iose and the disordered specimens tend to become 

more ordere·1. 

Neither ~aenko or Toma show the initial increase in 

order for the ordered specimen nor the init1al 1ecreape in 

order of the disordered specimen during the first hour of 

lrr:Jdiation as was observed in th1p research. The possible 

reason this is not fm1nd in ~aenko's work is the high fast 

neutron fl,lX used in hi!=! work (apuroximately 5 x 111 l.! 

neutrons/cm2 sec.) ap compared to the fast nc.:utron flux used 

in thiP investigation (3.~ x 119 ne11tron/cm2 sec). In Toma•s 

work 1 t 1 s not seen 1Jeca •J!=:' r' of' the ? l~va te 1 temperatures 

used, since, ·1s will be discussei l3.ter, th1s is a tempo.ra-

ture ~-Jnd eq•lil11Jrium depenr'Jent phenomena. 

f'apnko !3n1 Toma both ietnrm1nei an c-.quilihr1nm time 

or dose such that the order oarameter or resistivity re-

rnaine1 somewhat constant with increased dose. This ooint 

dose necesPary for this to occur was not posf"!1ble unier the 

present reactor operating conditions. 
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By extrapolation of the iata of this investigation 

the resistivity at this equilibrium point appears to be 

approximately 131-135 micro-ohms -em. which should be 

reachei at an estimated dose of 1.02 x 1120 neutrons/cm2 . 

~aenko's results show it to be at approximately 138 micro

ohms em. and a total dose of about 1.21 x 1:lJ neutrons/ 

2 em . Toma showed this point to be at 142 micro-ohms em at 

flg 

14 2 a tota 1 iose of 1. 92 x 10 neutrons /em but at an elevate i 

0 temperature of 3eo C. These r?sul ts are in gooi a gre,:>m""nt 

since a higher resistivity Rhouli be expectei for :::1 sp~'Ci-

men that is at the higher temperat11re ani after a shorter 

dose. 

A. Resistivity Changes: 

Looking closer at the initial change in the rests-

tivlty shows in the case of the oriere1 specimen, Figure 23, 

a decrease i_n resistivity initi_ally then an uoswtng in 

resistivity, in1tcatinl1; a more ,jisor1ererj state is f'ormln~. 

This lnttial decrease in resistiv1ty of the oriere1 spec~rnen 

was also found by Cook ani Cushing27 and Aiams et al.3F tn 

their investigation of' the copper-gol1 alloy cu 3li.u. They 

attributed this change largely to thermal neutron effects 

of transmutation of the gold atom. In t~e alloy un1er 

consi1eration ln this investigation lt is more than likely 

that the iron atom would be the atom undergoing the trans--

mutation that t,lrns the system from a t1110 element orierei 

alloy to a three element orderoi alloy. However, for this 

to occur Fe58 , whose abundance is only 1.31%, woul1 have 

to capture a neutron (cross section =-1.2 barns) to form Fe 59 
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which would decay to co 59 byf' emmi~sion. The half life of 

Fe59 is 45 days thereby making transmutation higl-1ly 1mlikely 

for the irop in resistivity seen in this alloy. 

Temperature also has an effect on the resistivity of 

the alloy under investigation. Cook and Cushing27 point 

out that during the time of initial start-up of the reactor 

and the time the first measurement is made the specimen has 

encountered a temperature rise in the snrroundin'?;S and its 

temperature has increased due to gamma ray heating and the 

heat given off by the m1cl::ar proce~s occ11rring in the 

reactor cor·e. ThiEl increase in temperature cau~es some of 

the atoms that were disordered iue to handling of the 

specimen or as in thi~ inve~ttg;atton '"Hsori:=>rin~ i1.1e to 

sootwelding the electrical lead~ to the f!pocimen to become 

ori:~rei. Cook ani C11shing also suggest that the best order 

state obtainable by slow cooling is that found '3t 211°C ani 

the temperature rise occurei in r.'"actor start up anne:J.ls 

out some of the disoriere1 phase found in the soectmen. 

Ktnchin ani Pease 37 foun1 thi~ initi'3l decrea~e in 

resistivity of an ordered E!pecimen of cu 31\u 1uring ~.rra1ta

tion. However, in their work they contend that it is due 

strictly to a temperature effect as mentioned previously 

ani not to any transmutation. Kinchin and Pease claim that 

at room temperature the times necef!~ary to reach equiltbrium 

are so long all the ordered alloys have apprec1ably les~ 

than the eq,Jilibri,lm of crier. Therefore upon irradiation 

with fast neutrons, vacancies are proiuced within the 

lattice anrl vacancies have been foun1 to increa~e the rate 
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of or1ering eo thereby ca11sing the orderei alloy to approa('h 

the true equilibrium state for room temperature. Thi~ oroc7~fl 

occurs until such time a~ the number of vacancieP, tnter~ti

tiale and other dteordering mechantPmF override the ordertn~ 

rate created by the vacancieF. Therefore not only is the 

order state of the alloy temperature sensitive but itP 

ordering rate is vacancy sensitive. It wrn1ld appear that 

this vacancy sensitivity has a greater initial effect on 

the decrease of the resistivity of the ordered specimen than 

does the increase in temperature ·iuring start-up. 

Temperature sensitivity of the Fpecimene reP~sttvtty 

was also noted during irrad1ation when the nitrogen flow 

was halted riue to the nitrogen tank runninP:; dry. Th1s can 

be f!een by the potnt on Figures 28 ani 32 which 1P C')mplete

ly out of proportion wtth the rest of the potnts. In both 

cases when the nitrogen euoply ran out the reeiFtivity in

creaped due to a temperature rtPe. ThiF temperat,lre rifle 

was approximately 10-15°C ap determ~nei hy the reFiflttvity 

change. 

In the quenc1ed dleor1ered FP"~c1.men, Fi~1re 27, an 

increase in reetPtivity during thP initial hour w':le note1. 

~ince the number of vacancies is already sufficient for 

any ordering rate increase to be near maximum for that 

specimen then the increase in ·iieorder must be caused by 

the increaf!e in temperature. This increase in tempera~1re 

is of the order of 40-50°C and is due largely to gamma ray 

heating and the increase in the core and coolant temperature 

brought on by the nuclear fission process. This increase in 
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rest~tivity is calc,llateri to be '1.133 micro-ohmf=!-cm anri by 
24 18 

using Toma 'e ani Ra,lscher•s riata an increase ~n temner-

ature of the order of 40-50°C sho11lri bring about an increas0 

in reRietivity of aporoximately '1.1~'1 micro-ohms-em which 

is within agreement with the chan~e in resistiv1ty r~1nri 

here. It is therefore poPtulate1 that the 1ncrease 1n 

resisttvity in the diFor1ere1 Po~cimen is rine to a temoer-

ature increase anri th~ rosistivity iecrease in th~ orrierei 

specimen is 1ue to vacancy introri11ction which increases the 

ordering rate and an increase 1n temperatllre which anneals 

out the localized iisorriered 1omains. In the 1tsor1ere1 

specimen the 1isorder 1s of s11ch a high 1egree that the 

temperature increase acts only to increase the res1st1v1ty 

whereas in the orierei specimen thP. oriering is very near 

to the perfect state that the temperature increase acts to 

further order the specimen . 

. 1\fter the in1ttal oerioi of 1 to 1 1/2 honrs hai oasse1, 

the spectmens behave1 wtch as expecte1, i.e., the 1isor1ere1 

soecimens ten1e1 towari a more or1cre1 Ptate an1 the or1ere1 

specimen towar1 a more disorierei state. Tho only variation 

seen was tn specimen 4 which shows 'lD tn Figure 2?: 3 s 

plateaus . These pl1 tea11s are oroba bly 1ue to a s tmila r 

f A i 1 i 3 P ~ b Co b 1~ 35 effect o. 1oma n or er ng . s , 01m 1 y , ~Y o v. 

f=!lope changes as the temperatnre was 1:::>\•'"'red. Th1s orier~n~ 

he claimeri l~'as accomplisheri by the oriering of small 1oma1ns 

h ~ h grow effecting the overall reststivity only slightly W xC 

until a critical volume is reached whtch riecreases the 
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re~i~ttvtty. Thi~ can be thought of as the formation of 

ehort range orier 1omaine in a totally 1isor1erei specim~n. 

These plateaus arp poflsibly 1ue al~o to a combination 

of ordering mechanisms. That ie, the rate of oriertng for 

a given state of 1tsor1er can be controlled by a different 

mechanism then a slightly higher degree of di~order thereby 

an increase in order would change the order rate and there-

fore change the slope of the curve of resistivity versus 

dose. This same sort of mec1an1.~m change has been postulate1 

in the activation ener~y stuite~ 24 ,38 of this alloy. 

B. Long Range order Parameter Changes~ 

The change in the long range order parameter ~ with 

increasing ~iose is shown ln Figures 28-32 ln 'iesceniing 

order of their tnt ttal or4er par<1meter value. The graoh~ 

are shown here for slmplif1cation of viewing and ease of 

understan41ng. ~ince tn these graphs the higher the order 

the higher the order parameter~. it is easier to see a 

1ecrease tn 11sor1er because it oc~11rs as ·1 decrease 1n the 

curvr>. The graphs follow the same pattern as fonn1 in trp 

resistivity versus iose graphs except in the reverse fashlon. 

The initial change in order is noted in F1~Jre 28 ani 32 as 

was seen in Figures 23 ani 27 ani mert t no f'urther discussion. 

C . TJJma ge Rates: 

The damage rates calculated show a very definite change 

betW\~en the initial ani the eqniltbr111m rate. The tntttal 

rate is cons1cierably greater than the eq11iltbrtum rate as 

1 e reariily nottce!3bly from Table III or from Figures 23-27. 

The reason behind th4.s greater damage rate at the onset of 
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irradiation is the influencin_g; role of the temper~tur-:= r1~e. 

The temperature increase is adding to the change in resi~t-

ivity which increasef:l the 1amage rate but cannot ar.t11ally 

be considered as irradiation damage. The fast neutrons are 

colliding with the atomP causing displacement and thereby 

creating the total damage a~ recorded in Table III. 

As time pa~ees the temperature effect decreases ani 

reaches an equilibrium state thereby contributing very 

little to the damage rate. At this point the equilibri,lm 

damage rate is calculated and more nearly represents the 

damage rate for fast neutrons. The dam3ge rate for fast 

neutrons being considerably less than the initial damage 

rate. 

The extremely high in1tial i3mage rate for specimPn 

rnmber two 1 f' not n>a.41ly unierf'tooi but may b·e due to 3n 

unusually large ternpc~rature tncrease :!.ncurr'-:'1 i11ring 

start-up qni th·e f1rst hour of running. ~ince the equtlibri-

urn damage rate for this spec trn,,n is tn 11.ne with those of 

th<7 other sp~,c 1 mens, 1 t woul1 th.en '3 ppc~a r that only the 

tntttal ·1amage rate ts tn question. By tak1.ng the secon1 

an4 thiri point~ on the graph of soec1rnen n11mber 2 (Figure 

24) for calc,1lattn12; the initial iam1ge rate a value of' 

12.48 x 1 "'l -l5 Tl!.tc-~~Q_:_o_,.~J!I~-c~ is 1erive1. Thls value is 
n~~utrons 7crnz-

more in line with the other values thereby le~ding one to 

believe something une>xplain::tble occurei durtng the f1rst 

hour of irrait.:-:J.tion. 

The low initial damage rate of specimen number five 

(Figure 27) is carrtei through into the equilibr~um iam3.ge 
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rate as seen in Table III. Other invest~gatore (26,27,30, 

34 and 36) have al~o recor1ei lower iamage rates for the 

completely 11sorderei state as ~omoarei to the orierei 

75 

state. Thi~ is eastly explainei by the fact that the nroba-

bility of 1isoriering a completely oriered ptate ts ~reater 

than ordering a completely 11sorderei state. The 1arn1ge 

rate for fast neutrons accoriing to this iata is in the 

-15 l range of 1.5 - 5.0 x 10 micro-o'1ms-crn ani the comb1ne1 
n eu-f ron s-7 c-mz -

iamage rate :Ittrib,Jtei to ternoara~ure ani other e+>f,.,cts is 
-15 initially approximately 1 'J x l'J m-l("ro -ohrnP -ern. 

n~uTron-s-lc-m7 -
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CHAPTER VI 

CONCLU~ION 

The:- resistivity measurements ieterminei in th"s 

investigation show a 1efinite taniency for orierei speci-

mens to become iisor1ere1 ani itsoriered specimens to be-

come oriPrei with increasei time of trra1iation in a 

reactor. 

The temperature effect is very noted 1uring initial 

1 to 1 1/2 hours after reactor start-up. The f~n·iinr,;;p;s of 

Ktnchtn and Pease37 are ~urther enhancei over those of 

Cook an-i Cushing27 as to the temperat11re ani not t~ermal 

neutrons causing the initial iron or rise tn res1st1v"ty 

1ur"ng start-up ani f1rst hour o.&' trra·itation. 

Equilibrtum iamage rates were founi to he tn the 

-15 range of '). 5 to 5. ') x 1() m_i_(':...r_q__::ohms -em_ whereas 
ne11 trans -,;:;r;z 

tnit1al iamage rates were or the or1er 5.0 to 2, 

76 
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CHAPTER VII 

RECOMMENDATION~ 

~ince the effects of irradiation can anneal out ::1t 

relatively low temperature it 1_p ~ugg;ePted that -:i Fertes 

of experiments be run using liqui1 nitrogen or helium 

temperature~ during 1..rra11ation to "trap" the larger 

part of the defect in the cryf'!tal. 

It is also suggeeted that a ~tudy of 1..rradiatt~d 

specimens be made Uf'!ing the electron microPcope to 1~tect 

any large area~ of ratitatton 1amag,.~ occ,lring tn the 

specimens. Al~o a MoPPb311Pr effc.>ct experiment might he 

run on the samples Pince they conta1n iron. 

77 
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APPENDIX 
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Ordered Fe Al 
3 ' 

APPENDIX A 

Experimental Data 

Specimen No. 1 

Gauge Length: 8.28125 in. 

Thickness: 0.0395 in. 

ResistAnce {,411 ohms) Resistivity (4 ohms -ern) 

1~5.63 9~. 307 

1~ 5. ~ 3 9~.178 

l~ 5. ~6 9~.197 

145.67 94.333 

1~5.77 94.398 

1;~ 5. So q~. ~1 7 

l~ 5. 86 94. ~56 

145.38 94.469 

14 5. 94 94. 5'JB 

1~ 5. 97 94.527 

1~6.43 94.82 5 

146.00 9~. 54 7 

1~6.10 94.611 

146.15 94.644 
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Reactor Power: 10 KW 

Width: 053~3 in. 

Dose X 10 -l3(n/crn2 ) 

0.000 

0.689 

2.137 

8.867 

9.971 

11.438 

12.811 

14.127 

15.41Sl 

16.794 

18.087 

19.425 

20.828 

21. '516 
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Specimen No. ? 

Partially Disordered Fe 3Al 

Gauge Length: 7.906 in. 

Thickness: 0.0395 in. 

Reactor Power: 10 KW 

Width: 0.5615 in. 

Resistance~ohms) Resistiv1tyG4ohms-cm) Dose x 10-l3(n/cm2 ) 

140.03 99.816 0.000 

140.34 100.137 0.405 

140.96 100.479 3.148 

141.05 100.543 4.401 

141.21 100.657 5.687 

141.26 100.693 7.134 

141.38 100.778 3.346 

141.50 100.864 9.678 

141.72 101.021 11.076 

141.72 101.021 15.13f 

141.72 101.021 16.379 

141.74 101.035 17.744 

141.70 101.010 19.100 

141.72 101.021 21.401 

141.72 101.021 21.707 
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Specimen No. 3 

Partially Disordered Fe 3A1 Reactor Power: 10 KW 

Gauge Length: 8.1875 in. Width: 0.5585 in. 

Thickness: 0.0365 in. 

Resistance~ohms) Resistivity~ohmE-cm) Dose x 10-13(n/cm2 ) 

171.03 108.204 0.~01 

171.42 108.451 1.487 

171.44 108.463 ?.743 

171.48 108.484 4.~64 

171.54 108.526 5.397 

171.67 108.609 11.793 

171.70 108.6?8 11.274 

171.75 108.659 1?.673 

171.80 108.691 13.967 

171.84 108.716 15.259 

171.92 108.767 16.~36 

171.96 108.792 18.014 

172.00 108.816 19.327 

17?.04 108.843 20.667 

172.03 108.868 21.945 



www.manaraa.com

82 

Spec irnen No. 4 

Partially Ordered Fe 3Al Reactor Power: 10 KW 

Gauge Length: 8.1562 in. Width: 0.5628 in. 

Thickness: 0.0391 in. 

Resistance~ohrns) Res is t i vi t y ~ ohms -c rn ) Dose X 10 -l 3 ( n/cm2 ) 

206.48 141. 554 0.093 

206.37 141.479 1.513 

206.36 141.4 72 ?.813 

206.32 141.445 4.129 

206.30 141.431 5.523 

206.30 141.431 !J.935 

20G.3o 141.431 8.138 

206.?8 141.417 9.503 

206.25 141.397 10.899 

206.23 141.383 1?.193 

20?i.l3 141.314 l3.750 

206.11 141. JJ1 14.887 

?06.08 141.280 15 .?31 

216. o4 141.253 15.4r}4 

206.00 141.225 16.623 

206.00 141.225 18.041 
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Specimen No. 5 

Disordered Fe3A1 Reactor Power: 10 KW 

Gauge Length: 8.7187 in. Width: 0.5610 in. 

Thickness: 0.0370 in. 

ResistRnce~ohms) Resistivity(pohmR-crn) Dose x 1o-1 3(n/cm?) 

23'7.22 143.504 0.091 

?37.44 143.637 0.897 

237.43 143.631 3.5~~ 

237.41 145.619 4.683 

237.39 143.607 5.~73 

237.34 143.576 7.339 

~37.31 143.558 8,606 

~37.27 143.534 10.011 

237.31 143.558 11.334 

?37.25 14~.583 1?.687 

?37.?3 143.510 14.006 

?37.?1 145.498 15.374 

4 - r:.. h ' ? 3 7 • 19 1 3 . 4 db 1 ' . ,J 94 

?37.17 143.474 13.054 

?37.15 143.462 19.381 

?37.13 143.449 ?~.~89 

~~7 11 143.437 ?~.nl? c.) • 
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